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Abstract: This paper studies the crystallization process and structure of amorphous iron
nanoparticles by molecular dynamics method. The study shows that amorphous iron nanoparticles
could not be crystallized at 300 K and 500 K. Iron nanoparticle, annealed at 900 K over a long time,
was crystallized into a BCC crystal structure. The structure of crystallized iron nanoparticle at 900
K was analyzed through the pair radial distribution function and the number of crystal atoms upon
various regions in nanoparticles. The simulation revealed that the first nuclei was formed most
frequently in the area near the surface of the nanoparticle. Then the crystal cluster grew toward the
centre of the nanoparticle. The completely crystallized nanoparticle had two components: the core
with a BCC crystal structure and surface with an amorphous structure. As for the amorphous
nanoparticle at 300 or 500 K, crystal-clusters were too small to grow large enough to crystallize the
nanoparticle.
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Tom tit: Trong bai bao nay, ching ti nghién ciru ciu tric va qua trinh tinh thé hat nano sét vé dinh
hinh (VDH) bang phuong phap mo phong dong luc hoc phan tir (PLHPT). Chung t6i da phat hién
cac hat nano sit & nhiét d6 300 K va 500 K khong thé tinh thé. Trong khi d6 d6i v6i hat nano sit &
900 K, sau thoi gian hdi phuc 2 x 107 budc, n6 tinh thé thanh cau trac bee. Cau trdc hat nano tinh
thé sit & 900 K duoc phan tich thdng qua ham phan b xuyén tam (HPBXT), s6 nguyén tir tinh thé
theo céc 16p khéc nhau trong hat nano. Mé phong chi ra rang, ban dau cac nhan tinh thé dugc tao
thanh chu yéu trong viing gan bé mit hat nano. Sau d6 cac dam tinh thé phat trién theo hudng téi
tam hat nano. Cudi cuing hat nano tinh thé c6 hai phan: I18i véi cau trdc tinh thé bee va bé mat véi
ciu tric VDH. Vi hat nano sit & 300 va 500 K, do cac dam tinh thé nhé nén chiing khong thé phét
trién t6i kich thude téi han dé c6 thé tinh thé hat nano.

Tir khoa: Hat nano sat, tinh thé, u nhiét, nguyén tu tinh thé, dam tinh thé.

1. Giéi thi¢u

Hat nano cd thé tao dugc ¢ trang théi tinh thé
hoic vo dinh hinh (VDH) bang cac phuong phap
téng hop khac nhau [1-3]. Hat nano VDH ¢6 cau
tric mat trat tw, né dugc chia thanh hai phan: 16i
VGi cac dic trung cau tric twong tu dang khoi
VPH cua vit liéu twong ung va bé mit c6 cau
trac VDH xp hon. Vi ciu trac dic biét ma hat
nano c6 nhiéu wng dung quan trong trong céac
linh vuc khac nhau cua khoa hoc va céng nghé
[4, 5]. Ching han nhu, trong cac chat xuc tac, hat
nano Fe;Os VDH linh dong hon so vdi nano
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Fe,Ostinh thé ¢ cung kich thudc, hinh dang [4].
NOi chung, trang thai VDH cua hat nano khong
bén vitng va hat nano dé bi tinh thé khi duoc u
nhiét. Sy 6n dinh cua hat nano VBH ngin can sy
tinh thé dang rat dwoc quan tam, vi n6 lién quan
dén kha ning lam viéc caa ching trong thyc té.
Dén bay gio su tinh thé cua hat nano VDH chu
yéu duoc nghién ciru bang thuc nghiém. Vi du,
su chuyén pha trong hat nano VBH coban duoc
nghién ctu boi cac dwong cong DSC
(Differential Scanning Calorimetry). Nhiét do
chuyén thuy tinh va nhiét do tinh thé cua hat
nano VDH di dugc phat hién la phu thudéc vao
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kich thugc [5]. Mot sé cong trinh [6-8] da duoc
thuc hién véi sy tinh thé cua hat nano TiO, VDH.
Hat nano nay bién di thanh trang thai ‘anatase’
va sau do6 thanh ‘rutile’ phu thudc vao nhiét do
hoi phuc hoic diéu kién ché tao. Chiing t6i ciing
tim thdy mot vai cong trinh thuc nghiém lién
quan dén su bién d6i VDH-tinh thé cua hat nano
Al,03 va CdSe [9, 10]. Qua trinh tinh thé c6 the
dugc nghién cau bang phuong phap md phong
vi n6 rat kho d@é theo ddi truc tiép chuyén dong
cua nguyén tir bang thuc nghiém. Trong bai bao
nay, ching t6i thuc hién mé phong qua trinh bién
ddi cau trdc hat nano Fe VDH ¢ céc nhiét d6 hoi
phuc khac nhau dé 1am rd hon qué trinh tinh thé
va cAu tr(c cua hat nano tinh thé Fe.

2. Phuong phap mé6 phéng
Phuong phap dong hec hoc phéan tie (BLHPT)

duoc sir dung dé nghién ctru cau trlic va qué trinh
tinh thé hat nano Fe VDBH. Ban dau 5000 nguyen
tir Fe duoc gieo ngau nhién trong mot qua cau
(hat nano) c6 ban kinh sao cho, mat do khoi
lugng cua hat nano nhé hon “khong qua nhiéu”
mat do khéi lwong cua mau Fe long (7,01 g.cm?),
do @6 ban kinh ban dau cua hat nano c6 thé chon
bang 27 A, voi diéu kién bién tu do (khi st dung
bién tu do, sau thoi gian  nhiét thich hop, hat
nano dat duoc trang thai cé mat do xac dinh).
Trong bai bao, ching tdi chon thé tuong tac 1a
thé cap Pak-Doyama, vi tinh don gian va thyc té
cho thy viéc str dung thé tuong tac cip Pak-
Doyama cho phép mé phong céac vat liéu kim
loai (Fe, Ni, Co, ...) c¢6 nhiéu tinh chit phu hop
v6i s6 liéu thuc nghiém nhu HPBXT hoic thira
sb cau trdc, phan bd sé phéi tri...[11, 12]. Thé
tuong tac cap Pak-Doyama d6i voi hat nano Fe
c6 dang:

U (r;)=-0,188917(r, ~1,82700) + 0,170192(r; —2,50849) —0,198294, I, < 3,44 A (1)
O day, r; 1a khoang cich tuong téc gitra <nnano(r)>
n , R - gnano (r) =7\ (2)
nguyén tir thir i vathe j, r, co don vila A, (Vin) Prano

U(r) c6 don vi eV. Hat nano dugc hdi phuc
bang phuong phap théng ké hdi phuc (hay
phuong phap dong luc hoc phan tir dbi véi hé co
nhiét 6 bang khong) cho dén khi hé dat duoc
trang thai can bang (nang luong cua hé khong doi
theo thoi gian mé phong, vaoi hat nano Fe nang
luong trén nguyén tir 6n dinh bang -1,2844 eV
sau thoi gian mé phong khoang 10° budc). Sau
d6, hat nano dugc dun néng dén cac nhiét do 300
K, 500 K va 900 K (900 K 1a diém gan nhiét do
thay tinh T, ~1070K[12]). O mdi nhiét do trén,

hé duoc i nhiét baing phuong phap PLHPT voi
s6 hat, ap suat phong va nhiét d6 khong ddi (a
nhiét NPT) sau khoang 2x107 buéc md phong
(thoi gian 1 budc mod phong bang 4,12 fs). Bang
phuong phéap trén, chung t6i nhan dwgc cac hat
nano Fe twong ung véi nhiét d6 300 K, 500 K va
900 K. Khac vaoi mau Fe khéi, ddi véi hat nano
Fe c6 dang hinh cau, HPBXT g,,,(r) duoc xac
dinh béi:

O day, prano 1 mat do sb hat trong hat nano,
Nnano(r) 12 $6 Nguy@n tir trong 16p cau c6 do day
dr & khoang cach r tinh te nguyén ti tam, Vin va
Vout 12 thé tich phan trong va ngoai cua I6p cau,
& dayV,, +V,, =4zr’dr. Dau ( )1a ky hi¢u tinh
trung binh. Hat nano cau gdom 16i voi mat do
bang mat 6 caa mau khdi va bé mat c6 mat do
thap hon. Néu tat ca cac nguy@n tir trong ving bé
mit duoc chuyén di, chiing t6i nhan dugc 18i hat
nano. Trong mé phong hién tai, cdu tric hat nano
dugc phan tich théng qua HPBXT cua 6.

Trong tinh toan, ching t6i xac dinh nguyén
tir tinh thé va nguyén tir VBH nhu sau: Nguyén
ttr goi la nguyén tir tinh thé c¢é cAu tric bee néu
chlng théa man hai diéu kién: i) ¢6 14 lan can;
i) c6 6 nguyén tir trong s6 14 l1an can cé 4
nguyén tir 1&n can chung (twong Gng vaéi vi tri
cuc dai thir hai trong HPBXT cua mau Fe c6 cau
trdc tinh thé bee) va 8 nguyén tir ¢ 6 nguyeén tir
l&n can chung véi nguyén tu tdm (twong Gtng Vai
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vi tri cuc dai thtr nhat trong HPBXT ctua mau Fe
c6 cau trdc tinh thé bec). O day ban kinh ngt xac
dinh nguyén tir lan cén bang 3,35A (ban kinh
ngat duoc xac dinh nhu 1a vi tri cuc tiéu thir nhat
trong HPBXT d6i mau sat khéi ¢ 300 K [11,12]).
Cac nguyén tar con lai trong hat nano goi la cac
nguyén ti VDH. Dé thuan tién, goi N 1a tong sé
nguyen tir; Na, Ner 1an luot 12 s6 nguyén tir VBH
va tinh thé. Pam tinh thé nho nhit chi c6 15
nguyén tir bao gém nguyén tir trung tam va 14
1an can cta nd. Khi dam tinh thé ting thi Ner ting
con Na s& giam. Hat nano co hai loai nguyén tir
tinh thé. Loai thir nhat (nguyén tir tinh the bé
mit) lién quan dén nguyén tar c6 1an can gom ca
nguyén tir tinh thé va VDH. Loai hai (nguyén tu

tinh thé 16i) c6 1an can chi 1a nguyén ti tinh thé.

3. Két qua va thao ludn

Hinh 1 cho thay HPBXT cua I8i hat nano 300
K va 500 K. C4 thé thay rang duong cong & nhiét
d6 300 va 500 K ¢6 mét dinh chinh dit tai diém
2,25 A va dinh tha 2 tach thanh hai dinh nho,
dinh nho bén trai cao hon dinh nhé bén phai. Bac
diém nay cua HPBXT cho thay dic trung cau
trdc cua kim loai Fe VDH. HPBXT ciing cho
thay su twong tu véi Fe khdi nhu duoc béo céo
trong cac cong trinh [11, 12]. Vay, 16i hat nano
Fe VPH c6 céu tric tuong tu Fe khi VDH.
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Hinh 1. HPBXT I8i hat nano u nhiét &
nhiét 6 300 K va 500 K.

Hinh 2 cho thdy HPBXT I8i hat nano Fe &
900 K sau khi héi phuc 1x10° buéc va 2x107
budc md phong. C6 thé thiy trén hinh 2, HPBXT
thay d6i manh trong sut thoi gian hoi phuc. Khi
thoi gian hdi phuc ngan (1x10° budc), duong
cong HPBXT tuwong tu nhu HPBXT Fe khdi
VDH. Trong khoang thoi gian nay, hat nano Fe
van ¢6 cau tric VDH, nghia 1a chua c6 ddm tinh
thé nao xuat hién trong cac ving thé tich cua hat
nano. Nhu thdy trén hinh 2, khi thoi gian u nhiét
dai hon (sau 2 x107 buéc), thi HPBXT cua hat
nano Fe xuat hién nhiéu cuc dai thir cip, nghia la
HPBXT cho thiy cac dic trung cua cau tric tinh

25

r A

Hinh 2. HPBXT 16i hat nano u nhiét ¢ 900 K
sau khoang thai gian 10° va 2x107 budc.

thé (khac véi mau VBH, dé cao cuc dai chinh
(dinh thtr nhat) cua HPBXT 16n hon va rd rang
hon nhiéu so v&i mot vai cuc dai con lai, tac 1a
HPBXT thé hién cac dic trung cua cau trdc trat
tu gan). Vi tri, hinh dang cac dinh cia HPBXT
sau khoang thoi gian 2 x 107 buéc 1a bang chang
¢6 su bién ddi tir cau trac VDH sang cau tric tinh
thé.

Théng tin vé qué trinh bién d6i hat nano Fe VDH
sang hat nano Fe tinh thé bee dugc khao sat
thong qua su thay ddi sb cac nguyén tir tinh thé
bcc trong qua trinh G nhiét NPT hat nano Fe &
900 K (xem hinh 3). Hinh 3 chi ra rang, qué trinh
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bién d6i cau triic co thé chia thanh 3 giai doan.
Giai doan thir nhat (sau 2 x 10° budgc), s6 nguyén
tir tinh thé ting khong dang ké, ¢ giai doan nay,
mic di dam tinh thé xuat hién nhung ching
khong bén viig. Trong khi d6 giai doan thir hai
(trong khoang 2 x 10° budc dén 5 x 10° budc),
sb nguyén tir tinh thé tang dot ngot. Trong giai
doan hai ¢dam tinh thé xuat hién bén viing hon va
kich thudc cua ching 16n dan theo thoi gian u
nhiét. DPiéu nay chang to rang, néu kich thudc
ctia dam tinh thé I6n hon mét gia tri toi han, thi
dam tinh thé c6 kha ning ting dot ngot va dat

5000

dén mot kich thude cuc dai. Chung t6i xac dinh
duoc gid tri t6i han cua dam tinh thé 12 khoang
230 - 300 nguyén tur tinh thé. Giai doan thir ba,
sb nguyeén tir tinh thé dao dong quanh mot gia tri
nhat dinh. Trong giai doan nay, kich thudc ciia
dam tinh thé da dat dén mot gia tri cuc dai (gia
tri bao hoa). Nghia 1, hat nano Fe VDH da tinh
thé hoan toan trong giai doan ba. Phan tich trén
cho thay, quéa trinh tinh thé hat nano Fe VDH
thanh cau trdc bce rat phi hop tot véi Iy thuyét
nhan tinh thé c6 dién [10].
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Hinh 4. Phan bd s6 nguyén ti tinh thé trong ndm ving cua hat nano theo thoi gian.
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Dé hiéu rd hon vé qué trinh hinh thanh va
phét trién cua cac dam tinh thé trong hat nano Fe
VDH ¢ 900 K, ching t6i chia hat nano nay thanh
5 vung khac nhau nhu dugc minh hoa trén hinh
bén trong cua hinh 4. O day, ving 1 1a mot qua
ciu c6 ban kinh 5,4 A. Cac vung con lai la céc
I6p cau c6 do day lién tiép bang 5,4 A. Nhu thay
trén hinh 4, sau thoi gian 8 x 108 buéc mo phong
dau tién, c6 mot vai nhan véi kich thudc nhod hon
50 nguyén tir duoc tao thanh trong tit ca cac
viing thé tich cua hat nano va bién mat theo thoi
gian hdi phuc. Trong suét thoi gian 2 x 10° budc
tiép theo, dam tinh thé mo rong chu yéu trong
ving 3 va 4, trong khi viing 1 va 5 tang rat cham.

Qua trinh tang cling x4y ra trong Vung 2 nhu’ng
V6i tée @6 cham hon nhiéu so véi ving 3 va 4.
Khi thoi gian hoi phyc tang tir 2 x 10° budc dén
107 budc md phong, dam tinh thé phét trién dot
ngot trén toan thé tich hat nano. Qua4 trinh ting
trong ving 4 xay ra véi tbc dd manh nhat va
cham dan trong cac ving 3, 2, 5 va 1. Sau thoi
gian 107 budc, s nguyén tir tinh thé trong tat ca
cac vung dat trang thai bdo hoa va dao dong
quanh nhiing gia tri nhat dinh. LGc nay, su bién
ddi 16n nhat xay ra trong ving 5. Su bién doi
manh trong vung 5 dugc cho la do c&c nguyén tu
trong viing 5 (tc 1a viing bé mat) sé linh dong
hon nhiéu so véi cac ving khéc.
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Hinh 5. Phan b6 s6 nguyén tir tinh the trong nam vung cuia hat nano trong khoang
thoi gian 3 x 108 budc md phéng dau tién.

Dé tryc quan chi tiét hon vé qué trinh tinh thé
trong hat nano Fe, ching tdi thuc hién vé su phat
trién ciia cac nhan tinh thé trong 3 x 10° budc mod
phong dau tién. Nhu thdy trén hinh 5, nhiing
nhan nho 1a khéng 6n dinh dé cé thé hinh thanh
dam tinh thé 16n, ma ching hinh thanh va bién
mét lién tuc theo thoi gian u nhiét trong tat ca cac
viing thé tich hat nano. Tuy nhién tat suit xuat
hién nhan va nhan bién mat dién ra khong déu
trong hat nano. Cu thé, tin suit xuit hién nhan
méi hinh thanh va tan suét bién mat caa cac nhan
nay xay ra manh nhat trong cic ving 4 va 3. Do
d6 ma dam tinh thé c6 xu hudng ting theo hudng

tir vang 4 va 3 t¢i tdm cua hat nano, nghia la tang
tir viing 4 va 3 vao 16i hat nano. Téng hop nhiing
quan sét trén, ching tdi két luan rang, qua trinh
tinh thé hat nano Fe VDH xay ra ban dau & trong
viing gan bé mit, sau d6 cac dam tinh thé phét
trién theo hudng tir 16p gan bé mat huéng vao
tdm cuia hat nano. Cudi cung dam tinh thé mo
rong trén toan bo ving thé tich hat nano. Qué
trinh tinh thé két thac, hat nano Fe tinh thé gom
c6 hai phan: phan 16i c6 cau trdc tinh thé bee va
phan bé mat c6 cau trdc pha tron gitra pha tinh
thé ‘bee bién dang’ va pha VDH.
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4. Két luan

Trong bai bao nay, ciu triic va qua trinh tinh
thé hat nano sat VDH da duoc nghién cau thong
qua phan tich HPBXT, theo d&i phan bé sé lwong
cac nguyén tir tinh thé theo thoi gian hdi phuc
trong céc 16p hat nano. M6 phong cho thay, su
tinh thé xay ra d6i véi hat nano Fe VDH khi duoc
hoi phuc trong thoi gian dai ¢ 900 K va khéng
xay ra ddi voi hat nano Fe VDH & 300 K va 500
K. Khi dugc 0 nhiét, hat nano Fe VBH ¢ 900 K
chuyén sang cau truc tinh thé bee. Két thuc qua
trinh tinh thé hat nano Fe gom: I8i cau trdc tinh
thé bce va bé mat cdu trac VDH. Co ché tinh thé
quan sat dugc phi hop véi ly thuyét nhan c
diém. Trong mé phong nay, qua trinh nhan hoa
xay ra khong ngau nhién trong hat nano ma né
tap trung trong viing gan bé mat hat nano. Pam
tinh thé phat trién tir ving giira hat nano, sau do6
chuyén dén tdm va cudi cing mo rong ra cac
viing ¢con lai. O 300 K va 500 K, dam tinh thé
trong hat nano Fe VDH la qua nho, do d6 ching
khéng thé phat trién thanh cu tric tinh thé.

Lo1i cam on

~Nghién ctru nay dugc tai trg boi Quy Phat
trien khoa hoc va cong ngh¢ Quoc gia
(NAFOSTED), ma s6 103.02-2018.312.
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