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Abstract. Hollow-glass microsphere filled epoxy-matrix composite materials are of great
interest to research in recent times because in addition to applications as marine buoyancy
materials, also used as low-density materials in electronics.This paper studies numerical
simulations by finite element method to determinate the dielectric constant of hollow-glass
microsphere filled epoxy-matrix composites (syntactic foams), when the volume ratio of
hollow-glass microsphere varies from 0 to 60%, glass wall thickness and outer radius change.
Numerical models built with periodic materials and defined by an elementary cell like that
simple cubic, body-centered cubic, and face-centered cubic with the support of Cast3m open
source software. On the elementary cell, the periodic conditions for micro displacement field
and micro electric potential field are satisfied. Then applied calculations to four types of
hollow-glass microspheres are K1, K20, S38HS and S60HS manufactured in 3M China
company. The numerical results are compared with the results of the Hashin-Strikman
bounds, with the analytical results and the experimental results of the previous studies to
check the reliability. The results of this study add to the theory of calculation and prediction
of effective dielectric constant of syntactic foams.
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Tom tat. Vat lidu Composite co cot liéu 1a vi cau thay tinh rdng nén epoxy rat duoc quan tam
nghién ctiu trong thoi gian gan day do ngoai nhiing wng dung lam vat liéu ndi cua hang hai,
n6 con duoc tng dung lam vat liéu mat do thap trong dién tir. Bai béo nghién ctu xay dung
md hinh s6 PTHH dé tinh toan hang sé dién madi caa vat liéu Composite c6 cdt liéu 1a vi cau
thay tinh rdng dat trong nén epoxy (vat liéu bot thay tinh), khi ti 1& thé tich vi cau thuy tinh
bién doi tir 0 toi 60%, d6 day thanh thuy tinh va ban kinh ngoai thay d6i. M6 hinh s xay
dung vei vat lieu tuan hoan cé nhan ta tuan hoan la 18p phuong don gian, 13p phuong tdm
khéi, lap perong tam mat voi sy hd trg caa phan mém c6 ma nguon mo Cast3m. Trén nhan
tuan hoan, cac diéu kién tuan hoan cho cam tng dién truong va trudng dién thé vi md duoc
thoa man. Sau do, ap dung tinh toan cho bbn dang hat ciia vi cau thuy tinh 13 K1, K20, S38HS
va S60HS san xuat tai cong ty 3M China. Két qua sé dat dugc so sanh véi két qua cua dudng
bao Hashin-Strikman, voi két qua theo cdng thac giai tich, két qua thuc nghiém cua cac
nghién ciru trudc dé kiém tra d6 tin cay. Két qua caa nghién ctu nay bo sung thém Iy thuyét
tinh toan, du b4o hing sé dién méi hiéu dung cua vat liéu bot thuy tinh.

Tir khoa: hang s6 dién mdi, vi cau thuy tinh, vat liéu bot thay tinh.
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1. PAT VAN PE

Bot thay tinh 1a vat liéu composite gom cbt liéu 1a vi cau thay tinh rdng phan tan trong
nén epoxy. Vi cau thay tinh rdng c6 ciu tao 1a 16p khi tro bén trong va 16p thay tinh cing bén
ngoai. Mot sb lugng 16n cac nghién ctru da dugc cdng b vé tinh chét co — Iy cua loai vat liéu
nay. Cac dac tinh nén dugc nghién ctu rat chi tiét bai vi hau hét cac ung dung cua bot thuy
tinh ndm trong ciu tric cua vat li¢u hang hai, noi nén thuy tinh 1a Iyc pho bién nhét tac dung
1én vat li¢u [1-4]. Bot thuy tinh con duoc st dung lam vat liéu cach nhiét trong viéc phuc h0|
dau tir cac giéng dau siéu sau va sir dung trong cac hé théng bao vé nhiét. Cac nghién ctu vé
tinh dan nhiét co thé ké dén trong [5-7].

Ngoai ra, cac tng dung méi cua bot thuy tinh dang duoc phat trién lién tuc. Epoxies duoc
sir dung rong rai trong cac tng dung dién va di¢n tir. Bot thuy tinh véi nén epoxy cling dugc
su dung lam vat liéu mat do thap trong cac ang dl_mg’ dién ti. Tuy nhién, chi co mot ‘vai
nghién cuu cho tinh chat dién cua bot thuy tinh va chu yeu la thuc nghiém. Nguoi ta thay rang
tro khang va goc pha tang khi tang ty 1€ khdi lwong cua vi cau thay tinh trong bot [8]. Tro
khang ting va hang s6 dién moi giam khi tang ham luong cot liéu o tan s6 10 kHz [9]. Park va
cong su [10] da thu nghiém mot so bet thuy tinh chi véi 1 va 2% trong lugng vi cau thuy tinh
va phat hién ra hang s6 dién moi giam khi tang tan 30 va ham luong phuy trong pham vi nay.
MGt nghién cuu ve vat liéu tong hop soi thuy tinh rong cling da dugc tim thdy duogc trong do
cdng bé viéc bo sung cac soi thuy tinh dé 1am giam hang sé dién moi cua vat liéu [11]. Trong
nghién ctu cua Gupta. N va cong su [12], da thyc hién cac thi nghiém do hang so dién moi
cua bot thay tinh khi thay doi t1~|e thé tich cua vi cau 1a 30%; 65% va thay doi nhiét do. Bailin
Zhu va cong sy [7] da do do dﬁn nhiét va dién cua bot thay tinh va&i bon loai hat khac nhau
cua vi cau vai ti 1€ thé tich vi cau thay doi tir 0-60%.

Trong nudc, cac nghién ctu vé loai vat liéu nay con rat han ché. N. T. H. Giang trong
[13] di xay dung cdng thirc xap xi tinh hé sb dan nhiét, c6 thé ap dung sang céc tinh chat dién
do cac hé sé dan: dan nhiét, dan nhiét, hang sé dién méi, hé sé khuéch tan, hé s6 thim nudc. ..
c6 ¢bng thic toan hoc dang gidng nhau va déu thoa man phuong trinh can bang gidng nhau.
Tuy nhién véi mong mudn phat trién thém phuong phap dé xac dinh tinh chat dién cia bot
thay tinh nén bai bao nay sé& nghién ctru xay dung mé hinh sé PTHH dudi su hd tro cua phan
mém Cast3m dé xac dinh hang sé dién mdi cua loai vat liéu nay. M6 hinh vat liéu tuan hoan
dang lap phuong don gian, lap phuong tam khéi va 1ap phuong tAm mat s& duoc xem xét. Két
qua sb s& so sanh véi két qua thuc nghiém va két qua theo cac cong thac giai tich cua cac
nghién ciru di trude dé kiém tra do tin cay.

Két qua trong bai béo nay khac véi két qua trong nghién ciu [14] cua tac gia. Trong [14],
tac gia xay dung phuong phap sb tinh hé sé dan ngang cua vat liéu cét soi dong phuong. Hé
s6 dan ngang xét trong khong gian 2 chiéu véi nhan tir tuan hoan hinh vudng va luc giéc.

2. PHUONG PHAP SO

Dé xac dinh hé s6 dan hiéu dung cua vat liéu composite, ching ta xét trén phan tir thé tich
dic trung (RVE). Céu tric vi md cia RVE 1a phan b ngiu nhién cua cac cét ciing nhu vét
nat (15 rong). Tuy vay trong nhiéu truong hop RVE ¢6 ciu trdc vi md cd thé coi 1a phan bd
tuan hoan. Mot phan bb hoan toan déu din nhu vay khong ton tai trong cac trudng hop thuc
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té, nhung md hinh nay duoc coi 1a gan dang , hiru ich vi n6 cung cap céc gia tri gisi han cho
céc thudc tinh vat liéu téng thé khac nhau. Trong bai béo nay, tac gia sir dung md hinh phan
bé tuan hoan cua RVE.

Trong m6 hinh vat liéu tudn hoan, tinh tuan hoan kéo dai dén vo tan theo moi huéng thi
cac diéu kién bién can dugc quy dinh mot cach chinh xac. Cu thé, cac diéu kién bién phai lam
sao dé dan dén sy tuan hoan cua cac truong dién dich, truong dién truong.... Do d6, mot 6 don
vi dai dién dugc xem xét (hay goi 1 nhan tir tudn hoan — unit cell), bao gom céac dic tinh hinh
hoc va tinh chat vat liéu tuan hoan, ciing nhu tinh tudn hoan cua cac bién truong. Khi d6 cac
tinh chét hiéu dung caa vat rin véi cau trdc tudn hoan dugc nghién ciu qua tinh chat hiéu
dung cua 6 dai dién nay. Mot s6 dang nhan tir tudn hoan trong khéng gian 3 chiéu thé hién
trén hinh 1.

i ol

@ (b) ©

Hinh 1. Mot s6 nhan ti tuan hoan
a - lap phuong don gian; b - 1ap phuong tam khéi; ¢ - 1ap phuong tdm mat.
Téc dung Ién phan tir thé tich dic trung RVE cua vat lidu nghién ciu (Q) truong dién
truong vimo E.
D=¢"E (1)
Véi & : hang s dién mdi hiéu dung
D 1a cam {ng dién truong (hay truong dién dich), duoc xac dinh bang trung binh cua
truong dién dich vi mo trén (Q):
D=<d(x)>, 2)
Trén nhan tuan hoan U, kich thuéc canh cia lap phuong 1a a, cam mg dién truong vi mo
tuan hoan va c6 dang:
d(x)=d(x+nae, +n,ae, +nae,) 3)
Do diéu kién tuan hoan ciia cam tmg dién trudng vi md, nén ta cé trung binh ciia cam @ng
dién trudng trén U bang vai trung binh cua cam tng dién truong trén RVE.
<d(x)>,=<d(X)>,=D (4)
Truong dién truong vi mo E: E=-Veo (5)
V6i @ : truong dién thé
Trén nhan tir tuan hoan phai thoa man cac phuong trinh:
V.d(x)=0 eU (6)
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d(x)=¢(x)E(x)=-¢(x)Vo(x) el (7)
Trudng dién thé thoa man diéu kién tuan hoan:
¢(x)=9(x+nae, +nae, +nae,) €U (8)

Bai bao xay dung mé hinh sé6 PTHH dudi su hd tro cia phan mém c6 ma nguon mé
Cast3m. Ciing nhu cac phuong phap sb str dung phan tir hitu han khac, cac bugc chinh trong
bai toan tinh hang sé dién moi gom céc budc:

- Thong s co ban cua bai toan (bai toan dién, dang hudng).

- Thiét lap luéi phan tir hiru han, chon phan tir 1a tam giac.

- Pua hang sb dién moi cua cac pha vao va thiét 1ap ma tran d6 ciing cta cac hang s dién
moi.

- Pit tai, dua trudng dién truong vi md E vao va diéu kién tuan hoan véi trudng dién thé
(p- J4 r 7 \

- Xuat két qua la truong dién thé trén nhan tuan hoan.

- Tinh cam Gng dién truong trén nhan tuan hoan theo céng thic (7) va trung binh caa cam
ung dién trueong theo cong thuc (4).

- Ap dung cdng thic (1) tinh ra hang s6 dién moi hiéu dung cua vat liéu.

3. AP DUNG VA THAO LUAN

Dé ap dung tinh toan trén vat liéu bot thuy tinh, tac gia sir dung nhitng thdng tin vé céac
dang hat vi cau thay tinh rdng trong bai bao [7]. Bén dang hat voi cac ki hiéu 1a K1, K20,
S38HS va S60HS san xuat tai cong ty 3M China.

Tab 1. Tinh chat vat ly cua vi cau thay tinh.

Mat do Ban kinh ngoai P day vé Hang sé dién
(g/cm?) (Hm) (Hm) moi
K1 0.125 32.5 0.54 1.22
K20 0.200 32.5 0.88 1.36
S38HS 0.380 20 1.05 1.69
S60HS 0.600 15 1.29 2.10

Tai tan s6 1 MHz va nhiét d6 10°C, hang sé dién cua epoxy 4.641, thuy tinh 5.6 va khi 1.
Dua céc thong sé ndy vao tinh toan va cho ti Ié thé tich vi cau thuy tinh v, thay doi tir 0 —
60%, ta nhan duoc két qua nhu trén hinh 2-4 vai két qua tinh toan sé cho nhan tir tuan hoan la
lap phuong don gian (SC), lap phuong tam khéi (BCC), lap phuong tdm mit (FCC) cua vat
licu bot thay tinh. D& nhan thay, khi ti I¢ thé tich vi cau thay tinh ting thi hang s6 dién moi
giam, trir vi cau K1 khi ti I& thé tich 16n hon 50% thi két qua thuc nghiém lai tang. Két qua
thuc nghiém (TN) & trén dd thi dua 1a két qua thuc nghiém trong cong bd cua Bailin Zhu va
cong su [7].
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Két qua tinh toan s ctia hang sb dién moi hiéu dung cua vat liéu bot thiy tinh so sanh véi
duong bao Hashin —Strikman (HS) [15]. Cong thirc duong bao dugc biéu dién:

HSL = P (& ) <™ <P (e )= HSU (9)
Véi Emin =MiN{&y, 65,863} § Emax = MaX{ey, &, 65} (10)
-1
P(;;):( TR S ] ~2¢ (11)
& +2s &,+2¢ &+2¢

Trong d6: &,,&,,&;- hang s6 dién mdi ciia epoxy, thay tinh va khi; v;,v,,v;,- ti I¢ thé tich cia

epoxy, thuy tinh va khi.

00 01 02 03 04 05 06 o ol e os  or os oo
Va3 Va3
a. K1
44 ™
40
3] .
e’ ] &
28
24
8 — 20 : : : : ‘ :
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Vys Va3
c. S38HS d. S60HS

Hinh 2. Hang sb dién moi cua vat lidu bot thiy tinh véi nhan tir tuan hoan lap phuong don gian.
Ngoai ra két qua s6 con duoc so sanh véi két qua giai tich GSCP dugc tac gia xay dung
trong tai liéu [13]. £ 1a nghiém cta phuong trinh sau:
eff eff

1My &= M ¢ 12
( ¢ )51+2<€erf ¢ gy +26° (12)

930



Véi

Transport and Communications Science Journal, Vol 73, Issue 9 (12/2022), 925-933

-1
V. Vv V.
3, &,+28 &+2¢

NV Y
I
Vo=— V3=

A

Vv =1-V, =V,

(13)

#™ : ti 18 thé tich 16n nhit c6 thé cua vi cau thay tinh trong vat liéu bot thuy tinh. Véi vat liu

khong gian phan bd ngau nhién theo [16] ta c6 ¢™ =0.64.

elf

eff

eff =

00 01 02 03 04 05 0.6

44"

40-

361
o

32

2.8+

244

20

00 01 02 03 04 05 06 00 01 02 03 04 05

c. S38HS d. S60HS

0.6

Hinh 3. Hang sb dién moi cua vat liéu bot thuy tinh véi nhan tir tuan hoan 1ap phuong tam khoi.

So sénh céc két qua trén do thi tir hinh 2-4 ta thay: két qua so, két qua theo cong thic giai
tich va thyc nghiém rat sat nhau, nhat 1a ddi véi vi cau K20, S38HS, S60HS va nam trong gigi
han cia dudng bao Hashin-Strikman. Tuy nhién chi ¢ vi cau K1, khi ti 1& thé tich nhé hon
20% hoic 16n hon 50% thi két qua thuc nghiém lai nim ra ngoai duong bao va xa so vai két
qua s6 va cdng thic giai tich. Diéu do co thé xay ra do trong ly thuyét ta chua tinh dén sy anh
huong cua cac 16 rong, ciing nhu cac yéu té ngoai canh khac tac dong dén két qua thyc
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nghiém. DU viy, phuong phap sb tac gia xay dung & trén c6 thé dung dé du doan hiang sb dién
moi hiéu dung caa vat liéu bot thuy tinh véi d6 tin cay cao nhit 1a ddi voi cac vi cau K20,
S38HS, S60HS.

44>
40
3.6

eff
32

4.0

of ol

00 01 02 03 04 05 06 00 01 02 03 04 05 06
c. S38HS d. S60HS

Hinh 4. Hing s dién moi caa vat liéu bot thuy tinh véi nhan tir tuan hoan lap phuong tim mit.
4. KET LUAN

Trong bai b4o nay, nhom tac gia da xay dung mé hinh sé su dung phan tir hitu han dudi
su hd tro cua phan mém Cast3m dé tinh hang sé dién méi hiéu dung cuaa vat liéu bot thuy tinh
vé6i cac nhan tir tuan hoan lap phuong, 14p phuong tim khdi va lap phuong tim mit. Két qua
s6 dat duoc so sanh véi duong bao Hashin-Strikman, két qua thuc nghiém va két qua theo
cdng thirc giai tich, thé hién do tin cay cao khi cac két qua gan sat nhau va nam trong giéi han
ctia dudng bao. Pidu d6 gitp cho ching ta co thém cong cu dé dy bao hang sb dién mdi hiéu
dung cua vat liéu bot thuy tinh.
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