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Hard magnetic materials of the Al-Ni-Co system represent animportant class of
functional materials, widely applied in various engineering and technological
fields. Among them, the AINiCuCo35Ti5Nb alloy is distinguished by the
combination of stable magnetic properties such as high coercivity (Hc), large
remanence (By), and superior maximum energy product (BH)ma: These features
make the alloy highly promising for the fabrication of energy storage
components and devices. used in precision electronic devices, as well asin energy
technology, mechanical engineering, aerospace, and defense industries. This
study investigates the influence of different regimes of magnetic-field-assisted
heat treatment on the magnetic characteristics of the AINiCuCo35Ti5Nb hard
magnetic alloy. The alloy samples were produced for the first time domestically
using a directional solidification casting method. The results demonstrate that
multistage magnetic heat treatment with slow cooling (8.3 °C/min), combined
with an isothermal holding stage (800 9C, 15 min), significantly enhances the
magnetic properties. Under these conditions, the maximum energy product
(BH)max reaches 72.4 kj/m> equivalent to the quality of materials from Russia
according to GOST 17809-72. This is a consequence of the uniform alignment of
the ag-phase crystals along the direction of the external magnetic field, which
enhances the degree of collinearity of the magnetic moments and
simultaneously optimizes their morphology.
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Vat liéu tir cting thudc hé Al-Ni-Co la nhom vt liéu céy nghia quan trong, duroc
Ung dung rdng rdi trong nhiéu linh vuc ky thudt - cong nghé. Trong dé, hop
kim AINiCuCo35Ti5Nb ndi bdt nho sw hoi tu cdc ddc tinh tir 6n dinh nhw luc
khdng ttr cao (Hc), cdm umg tir dw Iém (Br) va tich ndng lwong tir cuc dai
(BH)max vurgt troi. Nhor vdy, hop kim nay cé tiém ndng ting dung trong ché tao
cdc linh kién, b phdn luu trit ndng lwong cho cdc thiét bi dién tr chinh xdc,
ciing nhw trong céng nghé ndng lwong, ché tao mdy, hang khong vii tru va
cbng nghiép qudc phong. Nghién cteu nay tdp trung khdo sdt tdc dong ctia cdc
ché do xit ly nhiét khdc nhau trong tir truomg (xik ly tir nhiét) dén cdc thong so
tir tinh ctia hop kim tte ciing AINiCuCo35Ti5Nb. Mau hop kim dwoc ché'tao ldn
ddu tién trong nudéc bang phuong phdp ndu diic két tinh dinh hudéng. Két qud
cho thdy, ché do xw ly tir nhiét da cdp vai téc do lam ngudi chdm (8,3 °C/phiit)
két hop giai doan gitr dang nhiét (800 C, 15 phtit) cho phép ting cwimng cdc
théng s6 tir tinh ciia hop kim, trong dé gid tri (BH)ma dat dén 72,4 kj/m>,
twong dwong vdi chdt luong vt liéu ctia LB Nga theo tiéu chudn GOST 17809-
72. Ddy la hé qud cta sw dinh hwéng dong nhat cdc tinh thé pha a; theo huéng
tir truomg ngodi, qua dé lam ting mitc dé dong truc cta cdc mémen tir va
dong thoi tdi wu hoa hinh thdi ctia chiing.
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1. M¢ dau

Trong s cac hop kim nam chim vinh ctru, hé
Al-Ni-Co (Alnico) ttr Iau dwgc ghi nhan nhw mét
nhom vitliéu dac biét quan trong, nho sw két hop
hai hoa gitra d6 6n dinh tir hoc, khd nanglam viéc
& nhiét do cao, tinh chéng oxy héa va dé bén héa
hoc vuot troi. Trai quanhiéu thap nién, Alnico van
duy tri vai tro nén tang trong nganh ché tao nam
chdm cong nghiép, dwoc ¥ng dung rong khiap
trong dong co dién, khi cu do lwong, cdm bién, ky
thuathangkhong - vii try, y sinh, nang lwongva ca
linh virc quéc phong (Liu va nnk., 2024; Zhou va
nnk., 2018). Ban chat dic trung cda vat liéu nay
bat ngudn tir co ché phan tach spinodal trong qua
trinh xt Iy nhiét, tao nén vi ciu tric gom pha oy
giau Fe-Co c6 tir tinh manh va pha a, giau Al-Ni
gan nhw khong tir tinh, nho d6 cho phép diéu
chinh linh hoat cac tinh chit tir hoc cta vit liéu
(Zhao va nnk., 2024). Trong cac hé bién thé, hop
kim bon thanh phan Al-Ni-Cu-Co (AINiCuCo) -
twong dwong hé mac hop kim YUNDK ctia Nga -
dwoc quan tAm nhiéu béi sy 6n dinh cua tinh chat
tir hoc, dong thoi c6 kha nang dwgc cai thién thém
thong qua viéc hop kim hda véititan (Ti) va niobi
(Nb). Hai nguyén t6 nay c6 vai tro kiém soat qua
trinh phéan tach spinodal, 6n dinh ciu tric vi mé
va thic ddy sw hinh thanh c4c thanh nano sat tir
pha a; (giau Fe-Co) dinh hwéng trong nén pha o,
(giau Al-Ni-Cu-Ti), ttr d6 gép phén tang lwc khang
tir va d6 bén nhiét ctia vatliéu (Samolyuk va nnk,
2014; Ahmad va nnk, 2017; Rehman va nnk,
2025a). bac biét, hop kim AINiCuCo35Ti5Nb
(twong wng vé&éi mac HOHAK35T5BA hoac
IOHJAKT5BA cia Nga, c6 thanh phin gin véi
Alnico 8va Alnico 9) dwgcxem lahgpkim tir ctrng
ndi bat, khi dong thoi dat dwgc sw cAn bang téi uu
cua cac tham sd Hc, Br va (BH)max - yéu td quyét
dinh kha nang &ng dung dac biét trong linh vuc
tich trir nang lwong ttr.

Hiéu qua ctia Alnico khong chi phu thudc vao
thanh phian héa hoc, ma con chiu chi ph6i manh
mé b&i cong nghé ché tao, dac biét la cac phwong
phap xtt ly nhiét, trong d6 cé xt ly nhiét trong tir
trwong (X& Iy tir nhiét - XLTN, trong bai bao nay,
thudtngtr “xi1y tir nhiét” dwocstirdung dé chi qua
trinh x ly nhiét dwéi tdc dong ctua tir treong
ngoainhamdinh huéngviciu tricva cai thién cac
tinh chat tir clirng cua vat liéu).

Xu hwéng nghién ctru gan day tap trung vao
khai thac cac ky thuit tién tién nhw két tinh dinh
hwéng, XLTN hay 4p lwc co hoc khi @i, nham t6i wu
héa hinh thai cot pha Fe-Co, gidm thiéu khuyét tit
va nang cao tinh déng déu cua vi cau truc (Zou va
nnk., 2016; Rinko va nnk., 2022). Trong s6 do, ché
dd nhiét - tir dd dwoc xac dinh 1a yéu té mau chét
trong viéc phat trién mién tir va ning cao cac
thong sé tlr tinh (Rehman va nnk., 2021; Liu va
nnk., 2025a).

Tuy da cé nhiéu nghién ciru dwgc cong bo,
song co ché vi mo va tac dong chi tiét ciia cac quy
trinh XLTN d6i v&i qua trinh phat trién ciu tric
spinodal & nhiéu hé Alnico van chwa dwgc nghién
ctiru mot cach toan dién. Pong thoi, trong boi canh
nhu ciu tim kiém cac loai vat liéu tir khdng chira
dathiém dé thay thé ciAc hé nam chdm Nd-Fe-B va
Sm-Co ngay cang cdp bach do yéu t6 tai nguyén va
dia chinh tri, viéc ti€p tuc nghién ctvu va phat trién
cachop kim Alnico cangtré nén cé y nghiathoisw
(Kramer va nnk., 2012; Li va nnk., 2016; Sun va
nnk., 2015).

Tai Viét Nam, cic cong trinh lién quan dén
Alnico chuyéutip trungvao congnghé ductruyén
thongva khao satdictinh coban. Viécnghién ciru
c6ng nghé niu duc két tinh dinh hwéng va xtr ly tir
- nhiét con rat han ché, dac biét chwa c6 cong b6
nao dé cap dén hé hop kim AINiCuCo35Ti5Nb.
Khoang trong nay vira cho thiy su thiéu hut vé co
s& khoa hoc - cong nghé, vira mé& ra trién vong
phattrién cong nghé ché tao trong nuwéc, phuc vu
nhu cau quoc phong, nang lwong va ché tao cong
nghiép (Nguyén va nnk., 2021; Nguyén, 2022).

Phat trién c6ng nghé dic va x Iy tir nhiét cho
Alnico khong chi mang lai kha nang tw cht trong
san xudt nam chidm chat lwgng cao, giam phu
thudc nhip khiu, ma con gép phan ning cao nang
lwc nghién ctry, thiét ké va sang tao trong linh vuc
vat liéu tir. Xuat phat tir yéu cau d6, nghién ctiru
nay tap trung vao muc tiéu phan tich anh huwéng
cta cac ché do xwrly tir nhiét dén cac dic trung tir
hoc quan trong He, Br va (BH)max cia hgp kim
AINiCuCo35Ti5Nb, lwa chon dwoc ché do tdi wu dé
tang cwong cac thong so tir cia vat lidu. Viéc lam
r6 mdi quan hé gitra ché do XLTN va tinh chat tw
hockhdngchibd sungdirliéukhoahocchohéhop
kim Alnico, ma con cé y nghia thuec tién trong phat
trién vat liéu tir khéng dat hiém phuc vu cac tng
dung & diéu kién nhiét do cao va moi trudrng khac
nghiét.
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2. Phwong phap thwc nghiém ché tao vatliéu
va khao sat tinh chat

Miu vat liéu tir cing hop kim Alnico
AINiCuCo35Ti5Nb dwoc ché tao bang phwong
phéap ndu dic két tinh dinh hwéng, st dung 10 cdm
rng cao tAin PL70M1 (Phuéc Loc, ViétNam) (Hinh
1). Trong qua trinh nay, hop kim dwoc ndu chay
va hop kim hod trong ndi 10 bang gém Al203 thiéu
két, dwdi tic dong cla treong cdm &ng dién tir
sinh ra b&i dong dién cao tin chay trong vong cdm
bao quanh néi lo.

Hinh 1. Trang bi cong nghé ndu luyén hop kim
AINiCuCo35Ti5Nb. a) Noi lo ndu luyén lam tir gém
Al203 thiéu két; b) Hé théng thiét bi ndu luyén cao

tin PL70M1.

Quy trinh cong nghé ché tao miu vatliéu hop
kim ttr ctrng Alnico AINiCuCo35Ti5Nb dwoc thuc
hién theo cac buéc chinh sau:

+) Lwa chon nguyén liéu dau vao, phai liéu,
dam bao khéi lwong mdi mé dat 1,5 kg;

+) Nauluyénhop kim strdung thiétbilo nung
cao tin (ndu chay, hop kim ho4, tinh luyén);

+) Bidc két tinh dinh hwéng;

+) Xir 1y tir nhiét.

Nguyén liéu ban dau phuc vu niu luyén la cac
kim loai sach Fe, Al, Ni, Cu, Co, Ti va Nb cing mot
s6 phu gia dic biét khac. Trong qua trinh niu
luyén, ndilo dwoc day ndp va bom cip khi Ar bao
vé theo dinh ky sau mdi 5 phit nham han ché oxy
héa bé matkim loailong (cong nghé ndu ban h).

Hop kim néng chdy duwoc tinh luyén bang xi
chuyén dung (50% CaO, 10% MgO, 15% SiO,
10% Al203, con lai la CaFz va chat tro dung Borax).
Sau khi hoan thanh qua trinh hop kim ho4, nhiét
d6 kim loai 16ng dwoc kiém soat 6n dinh &
1700£20 °C (str dung hoa quang ké) truéc khi rot.

Dtc rét cdc mau phdi dwoc tién hanh bang
cbng nghé duc két tinh dinh hwéng, st dung
khuén gém hinh tru (kich thwéc long trong
?®50x120 mm) dwgc nung néng dén 1450420 °C
bang vong cdm tng trén thiét bi 16 nung cao tan.
Khuén c6 day ho, dat1én mot dé dong dwoc lam
maét lién tuc bang dong nwéc tudn hoan (nhiét do
dau vao < 25 0C). Sau khi rot kim loai 16ng, vong
cam tirng bén ngoaikhudn dwocnangdanlénbang
co cdu nang ha véi toc do di chuyén 2 mm/phuit
dé ddm bado qua trinh két tinh phét trién theo
phwong thang ding tir day 1én dinh khuon.

MAu dic thu dwoc dwoc 1am ngudi tw nhién
dén nhiét do6 phong, trich mau dé khao sat hinh
thai t6 chirc ciu truc tinh thé va phan tich thanh
phinhéahoc, sau d6 dem di xtr ly tir nhiét theo 3
ché d6 khac nhau (Hinh 2), trong d6 cac théng s6
nhiét do, thoi gian, cdm Gng tir tredng ngoai dugc
lwa chon dwa trén phan tich, danh gia cac s6 liéu
thwe nghiém, minh hoa dién hinh déi véi vat liéu
tir ctrng Alnico c6 hop kim hoa thém bang Cu, Ti
va Nb (Rinko va nnk, 2022; Rehman va nnk,
2021; Liu va nnk,, 2025b; Zhou va nnk,, 2017;
McCurrie, 1982; Sergeev & Bulygina, 1980).

Cacché do nhiétluyén dwoc dp dung bao gobm
3 giai doan chinh la G d6ngnhit & nhiét do cao, Xt
1y tir nhiétva Ramkhéng ap tir. O giai doan i ddng
nhit, tt cd cAc miu déu dwoc nung 1én 1250 0C
(t6cdd nung 3 9C /min), gittdn dinh trong 40 pht,
sau d6 ha xuéng ngudng 850 °C bang cach nhing
vao va ngdm trong bé thiéc 16ng (thiéc kim loai
niu chay, gitr & nhiét d6 850 °C) khoang 5 phut
trwdc khi chuyén sang giai doan Xt ly tir nhiét.

Giai doan Xt ly tir nhiét tién hanh theo 03 ché
do phan biét nhw sau:

+) Ché d6 1: Xt ly tir nhiét don cip trong diéu
kién lam ngudinhanh tir 850 dén 600 °C trong 10
phit (t6c d6 lam ngudi v ~ 25,0 °C /min).

+) Ché& d6 2: Xtr Iy tir nhiét don cap trong diéu
kién lIam ngudi chdm tir 850 dén 600 °C trong 30
phit (t6c d6 lam ngudi v ~ 8,3 °C /min).

+) Ché do 3: Xt ly tir nhiét da cdp trong diéu
kién lam ngudi chdm nhw Ché d6 2 két hop véi
nang va gitr ding nhiét & 800 °C trong 15 phut.

Xtr ly tir nhiét dwgc tién hanh trén thiétbi ap
tir VCN-01 (VCN, Viét Nam), tich hgp hé thong 1o
nung nhiét (sai s6 nhiét dé + 5 °C) kem theo. Gia
tri cdm ng tir tao ra gitra hai cwc tir dwgc thiétlap
& mttcla Bn = 0,5 T (twong dwong mitc cwong do
tlr trwong Hn = 398 kA/m).
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Hinh 2. Sor db 3 ché dé nhiét luyén dién hinh dp dung cho mau vt liéu hop kim tir cting Alnico
AINiCuCo35Ti5Nb. a) ché dp 1: XLTN lam ngudi nhanh (v ~ 25,0 °C/min); b) ché dé 2: XLTN lam ngudi chdm
(v~830C /min); c) ché dd 3: XLTN lam ngudi chdm (v ~ 8,3 9C/min) két hop gitt diang nhiét (800 °C, 15 phiit).

Giai doan Ram khéng ap tir dwoc tién hanh
ngay sau giai doan XLTN, ap dung giéng nhau vé
thong s6 nhiét do/thoi gian ddivéi tAt cd cAc miu
(Gitr dang nhiét & 650 °C trong 2h, ha nhiét do
xuéng 550 °C, giit ddng nhiét & 550 °C trong 24h).
Cac buéc nang/ ha nhiét trong giai doan Ram
khong ap tlr thwe hién véi téc do 10 °C / phut.

U d6ng nhét nhiét 6 cao va Ram khong ap tir
thwc hién trén thiét bi 106 6ng RHTC 80-450/15
(Nabertherm, Dtic) trong diéukién c6 dong khi Ar
bao vé lién tuc dwoc thoi qua 6ng 10.

Cac mau vatliéu sau khi dwoc XLTN dwoc gia
cong thanh mau chuin va dem di nghién ctru khao
sat cac dac trung tir tinh gom cac thong sé: luc
khang tir (Hc), cdm &ng tir dw (Br) 16'n va tich nang
lwong tir cwe dai (BH)max, st dung hé thdng do tir
treong xung TQV101 (VAST, Viét Nam).

Gia tri tich nang lwgng tir cwc dai (BH)max
dugc xac dinh tir dwong cong khtr tir B-H trong
g6c phan tw thir hai bang cach tim gia tri cuc dai
cua tich |B-H].

Cac phép do tir hoc dwoc thuc hién trén cac
mau chuin c6 dang tru tron dongnhat, kich thudéc
®dxh=4x4 mm. Heéng cit miu va do tir truong
trung v&i truc di hwéng hinh hoc cia mau. Trong
qué trinh xtr 1y s6 liéu, tham s khir tir da dwoc bo
chinh theo hinh dang mau; ddi v&i mau hinh tru
tron cé ty 1é ®/h = 1, hé s6 khir tir dwoc stt dung
la N = 0,33. Pwong cong khir tir thu dwore truec tiép
tir hé do str dung phin mém chuyén dung cua thiét
bi, cac théng s6 tir hoc dwoc xac dinh sau khi da
hiéu chinh tham s6 khit tr, phdn 4nh chinh xac cac
dac trung tir hoc ndi tai cda vat liéu.

Hinh thai t6 chi¥c c4u tric hat tinh thé cta vat
liéu sau nu duc két tinh dinh hwéng dwoc nghién
ctru bang phwong phap chup anh hién vi quang
hocciamat giy, strdung thiétbikinh hiénvi Zeiss
Axio Observer D1m (TTTCPLCL, Vién Cong
nghé/TCCNQP).

Thanh phan nguyén t6 hop kim ctia mau phoi
duc vat liéu tir ctrng Alnico AINiCuCo35Ti5Nb
dugc kiém tra bang phwong phap Phd tin sic
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nanglwongtiaX (EDS) trén thiétbi JSM 6490 - JED
2300 (JEOL, Nhat Ban).

3. Két qua va thao luin

Hinh anh mAu vatliéu hgpkim tir ctrng Alnico
AINiCuCo35Ti5Nb thu dwoc bang cong nghé niu
ddckét tinh dinh hwéng dworc trinh bay & Hinh 3.

Huwéng ap tir (tir hoa dé nhat)
............ T Y v - - - ,'

Hinh 3. Anh mdu phéi hop kim Alnico
AINiCuCo35Ti5Nb thu duwoc bang céng nghé dic
két tinh dinh hudéng.

Duwéi tic dong cua gradient nhiét 16n (phan
day phdi tiép xtc truc tiép véi dé dong lam mat,
trong khi phén trén dwoc nung cdm ng va duy tri
& nhiét d6 cao hon), qua trinh két tinh xay ra doc
theo phuong thang ding tir dwdi 1én trén (Hinh

4). Cu thé, hinh anh quan sat trén mat giy theo
hwéng tiét dién ngang cla phoi tru (Hinh 4a) cho
th4y c4u trichat twvong d6i dang huéng trong mit
cat, trong khi d6 hinh &nh trén mit gdy song song
v&i truc doc ctia phoi (Hinh 4b) thé hién ré rang
cachat tinh thé c6 dang cotkéo dai, phat trién wu
tién theo hwéng tir dady khuon 1én phia trén. Pac
diémnay phananhro sy ton tai cia gradientnhiét
va hwéngtruyénnhiétchi dao trongquatrinh két
tinh, 1a ddc trung dién hinh cta vat liéu thu dwoc
bang phwong phap duc két tinh dinh hwdng.

K&t qua quan sat vi md nay cung cip bang
chirng trye quan cho tinh di hwéng hinh hoc cta
vatliéu, dong thoi ciing c6 nhan dinh rang ciu tric
tinh thé dang c6t da dwgc hinh thanh trong qua
trinh chétao. Ciu tric nay dwocxem lacosé quan
trong then ch&t dan dén hiéu ing di hwéng tir, ti
dé quyétdinh cacdac trung tir hoc ciahop kim tir
ctrng AINiCuCo35Ti5Nb thu dworc.

Theo co s&lythuyét, hwéng phattrién cia cac
tinh thé dang cdt twong rng véi phwong tir héa dé
nhit (easy magnetization direction) cua pha trat
tw a4 (giduFe-Co) c6 ddctinh sattiy (tirtinh manh)
trong hop kim Alnico (Liu va nnk., 2025a; 2025b;
Rehman va nnk., 2025b; Zhou va nnk., 2025).

Viéc dat dwoc ciu tric c6t dinh hwéng cé y
nghia quyét dinh d6i v&i tinh chat tir clieng, bdi vi
di hwéng tir tinh cta vat liéu phu thudc truc tiép
vao dinh hwéng mang tinh thé. Chinh vi vay, khi
tiénhanh x Iy tir nhiét, viéclwa chonhwéngap tir
trung véi truc doc cda phoitru (tiec truc két tinh
dinh hwéng khi dic) sé ddm bao tao dwoc di
huwdng tir tinh t8i wu, nhor d6 cai thién dang ké cac

dinh hudng. a) Trén mdt gdy theo hwéng tiét dién ngang cta phdi tru, X40; b) Trén mdt gdy theo hwdng song
song truc doc ctia phéi try, X40.
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thong s6 tir quan trong cda vatliéu nhw lwc khang
tlr He, tlr dw Br va tich nang lwong cwc dai (BH) max.

Két qua phan tich thanh phan héa hoc cla
mau phoi duc hgp kim tir ctrng AINiCuCo35Ti5Nb
bang phwong phap phé tan sic nang lwong tia X
(EDS) két hop véi chup dnh hién vi dién tlr quét
(SEM) dworc trinh bay trong Hinh 5. Ham lwong cu
thé ctia cAc nguyén td hop kim trong mAu phéi duc
hop kim tlr ctrng Alnico AINiCuCo35Ti5Nb duogrc
phén tich dinh lwong theo cac Pho EDS thu dworg,
két qua trinh bay trong Bang 1.

[ 1 [
000 100 200 3.00 400 500 600 700 800 9.00 10.00

keV

Hinh 5. Phé SEM-EDS ctia mau phdi diic hop
kim tir cting AINiCuCo35Ti5Nb.

Bdng 1. Thanh phdn héa hoc mau phéi hop kim tir
cting Alnico AINiCuCo35Ti5Nb ché tao bing
phuwong phdp dic két tinh dinh hwéng.

Nguyéntd | Al Ni Co | Ti Nb
% 6,6 | 14,4 | 355 | 47| 094
S Si Cu Fe

0,12 | 0,16 | 3,1 | Conlai

Phé EDS cho thdy mau vat liéu dic thu duoc
c6 day da thanh phan hop kim theo phoiliéu, bao
gdbm Al, Ni, Co, Cu, TivaNb, cuingvéinén Fe. Cueong
dd cac peak pho EDS ty 1& thuin véi ham lwong
nguyén td trong hop kim, phan anh sy hién dién
dongdéuvaphuhgpvéicongthirchopkim dilwa
chon.

So v&iphoi liéu ban d4u, thanh phian nguyén
t6 trong mau duic thu dugc kha 6n dinh: Co chiém
35,5%, Ni~14,4%, Al ~6,6%, Cu~3,1%, Ti~4,7%
va Nb ~0,94%; phén con lai cht yéu la Fe. Ngoai
ra, phd EDS cho thiy sw xuithién cac peak (cuong
do thip) twong &ng v&i cdc nguyén td phu nhw Si,
S.Tuy nhién cdcnguyén td nay chixudthién & mic
vét(<0,2%),khonggiy anhhwdng dingké dénto
chirc va tinh chit cia hop kim.

Két qua phén tich dinh lwong xac dinh ham
lwong cac nguyén t6 hop kim trong mau duchop
kim tir cirng Alnico AINiCuCo35Ti5Nb bang
phwong phap EDS cho thiy vat liéu thu dwoc cd
thanh phan hoan toan twong dwong véi hop kim
IOHAK35T5BA (IOHAKTSBA) ciia LB Nga, dap
ng yéu ciu quy dinh trong Tiéu chuidn GOST
17809-72 (Standards Publishing House, 1972).
biéunay chirngtd congnghéniuluyénbanhd két
hop dic két tinh dinh hwéng da cho phép ché tao
thanh cdngmacvatliéu cé thanh phinhgpkim 6n
dinh, dat yéu ciu so v&i sdn phdm ngoai nhép.

Ham lwong cac nguyén t6 hop kim chinh Co,
Ni ndm sat gi¢i han trén, Al va Cu ndm gan mic
duwéi theo tiéu chuén, tuy nhién thanh phin cac
nguyén td nay van dam bao trong khoang gi¢i han
cho phép, do d6 dam bao dwoc tinh 6n dinh cta
mac hgp kim. Sy phan bé nay c6 thé mang y nghia
nhit dinh d6i véi qua trinh hinh thanh va 6n dinh
pha: ham lwgng Co va Ni cao gitp tang do bao hoa
tlr va cdm tng tlr dw, trong khi mirc Al va Cu thap
hon gép phén kiém soat qua trinh phan tach
spinodal oy /o, ttr 6 anh hwéng dén di hwéng tir
cla vat liéu.

Sw xudt hién cua cac peak cwong do thap
trong pho EDS, twong (ng v&i cic nguyén to vi
lwong silic (Si) va lwu huynh (S), phan anh sy hién
dién cta chung & ham lwong rit nhé trong hop
kim. CAc nguyént6 nay da dwoctinh toan phéiliéu
dé khong ché ham lwgng ndm trong gi¢i han cho
phép. Trén thuc té day la cac nguyén to vi lwong
can thiét ddi véi nhiéu loai hgp kim tir cing
truyén thong. Cac nghién ctu ctia Guo va nnk.
(2020), Haider va nnk. (2022) cho thay Si & mic
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vét c6 thé tham gia tinh chinh ciu tric duc, gép
phén 6n dinh qua trinh phén tach spinodal a;/a,
trong métso loai hop kim tir ceng, nho d6 6 tac
dong tich cuc dén tinh chat tir thu dwoc. D8ivéi S,
mac du thwdong dwoce coi la tap chit khong mong
mudn, song & ham lwong rat nho (20,1%) S c6 thé
ton tai dwdi dang sulfide phan tan min, khong lam
suy gidm dang ké tinh chit tir trong khi con c6 tac
dung han ché sy hinh thanh khuyét tat duc 1on,
chti yéu 1a cac khéi két tu tir tap chat vo co. Nho
d6, mot ham lwgng nho S trong hop kim tir clirng
c6 thé cai thién tinh cdng nghé cia vt liéy, gidm
thiéu sw gay v khi gia cong do khuyéttat ciu tric
(Gridnevvannk., 1977).Nhw vay, swhiéndién cta
Si va S trong mau & mirc vi lwgng 1a chdp nhan
duoc, ndm trong gi¢i han ki€ém soat va khong anh
hwéngtéi viécdap irng tiéu chudnthanh phin cta
hop kim, ddng thoi van c6 thé mang lai mot sd tac
dong tich cuwc cho td chirc ciu tric va dic tinh cta
vatliéu thu duoc.

Phwong phap phan tich phé EDS thuwc hién
két hop v&i chup anh SEM (hién vi dién tir quét)
(xem Hinh 5). Kétqua khao satcho thayvatliéu co
ciu truc déc sit cao, trong to chirc dic khong xuat

hién cac khuyét tAt nghiém trong nhw tach 16p, ro
x0p hay ngdm xi. Pay 1a co s& quan trong khang
dinh qua trinh nduluyén - duc kéttinh dinh huwéng
da dam bdo chat lwgng té chirc kim loai, tao tién
dé dé thu dwoc cac dac trung co ly va tir tinh dat
yéu ciu trong cac buwdc xtt ly tiép theo.

K&t qua khéo sat dic trung tir tinh clia mau
phoi dic hop kim Alnico AINiCuCo35Ti5Nb trong
sw phuthudcvao cdcché do xi ly tir nhiétthé hién
trén Hinh 6. T6ng hop s6liéu cac théng sé tir He, Br
va (BH)max cla vatliéu twong rng véi 3 ché do xur
ly tir nhiét dwoc trinh bay trong Bang 2.

Bdng 2. Gid tri cdc thong sé tir ctia mdu phéi diic
hop kim tir cting AINiCuCo35Ti5Nb twong ung voi

3 ché do xib Iy tir nhit
X aA Thong s6 tir
TT ?LeT?\IQ He, B, | (BH)mas
(kA/m) | (T) | (kJ/m3)

1 Chédo1 120 0,96 53,3

[\

Ché dd 2 155 0,96 57,3

3 Ché dd 3 151 1,01 72,4

(¢ PSS

47M B (kG)

...............

............

i
9‘10 -8 -6

H(kOe)
Hinh 6. Cdc dudmg ddc trung tir cia mdu phoi dic hop kim tir cing AINiCuCo35Ti5Nb twong ting véi
3 ché dj xir ly tir nhiét a) ché do 1; b) ché dp 2; c) ché do 3.
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Cac duwong dic trung tir cho thay sw thay doi
cla cacthongso tir tiy thudc vao ché do xi 1y tir
nhiét dwoc ap dung.

C6 thé quan sat thdy rang cd ba mau déu biéu
hién ro tinh chat tir cttng dic trung v&i vong tré
khép kin, d6 d6c ban dau cao va duy tri dwgc cam
rng tir dw dang ké sau khiloai bo tir tredrng ngoai.

O’ ché d6 1, vong tré c6 dang hep hon so véi
hai ché d6 con lai, lwc khang tir xac dinh tlr giao
diém trén truc hoanh dat gia tri Hc = 1,51 kOe
(~120 kA/m), trong khi cdm &ng tir dw khoadng Br
= 9,58 KG (~0,96 T). Tich nang lwong cwc dai clia
mau & ché do nay dat (BH)max = 6,7MGOe (~53,3
k] /m?).

O ché d6 2, dwdng cong tir tré c6 d6 mé rong
theo truc hoanh 1én hon, cho thay lwc khang tir
dwoc caithiénrd rét. Gia tri H.dat1,95k0e (~155
kA/m), cao nhat trong ba ché do khao sat, trong
khi Br vAn gilt & mirc twong dwong véi ché do 1
(~0,96 T). Tich nang lwgng cwc dai (BH)max cling
tdng nhe, dat 7,2 MGOe (~57,3 kJ/m?3).

O’ ché @6 3, vongtré c6 dang dictrung clia vat
liéu tir cirng chit lwong cao, thé hién sw két hop
gittalwc khangtir cao va cam ngtir dw 1én. Gia tri
H. dat 1,9 kOe (~151 kA/m), gan véi ché do 2,
nhwng cdm ng tr dw ting 1én dén Br = 10,08 kG
(~1,01 T). Nho vay, tich nang lwong cuwc dai
(BH)max tang rd rét, dat 9,1 MGOe (~72,4 k] /m?) -
cao nhattrongba ché& do xi ly tir nhiét. Cac thong
s6 tir tinh ciamau vatliéu dwocxrly tirnhiéttheo
ch& d6 3 nam trong dai gia tri quy dinh cua Tiéu
chuin GOST 17809-72.

Két qua khdo sat dac trung tlr tinh cta cac
mau thit nghiém phdi hop kim AINiCuCo35Ti5Nb
thu dwoc cho thdy cacthongsa tir ctia vatliéu thay
d6i dang ké theo ché do XLTN.

(' ché& @6 1 (lam ngudi nhanh), qua trinh phan
tach spinodal gitta pha oy giau Fe-Co va pha «,
giau Al-Ni chwa hoan thién do thoi gian khuéch
tan han ché, dan dén thanh a4 cé kich thwéc nho,
kém biét lap, lam gidm hiéu &ng di hwéng hinh
dang dongnghiavéikha nangcan tré dich chuyén
domain ttr yéu. Do dd, lwc khang tir chi dat gia tri
twong doi thip, véi He =120 kKA/m.

Khi chuyén sang ché d6 2 (Iam ngudi cham),
qua trinh phan tach spinodal dién ra day dt hon,
két qua thuwdng dan dén viéc hinh thanh hé thanh
a, c6 dang rod-like, biét1ap rd rét trong ma tran
o, nho vay gia tri lwc khang tir He tang 1én 155
kA/m - cao nhat trong ba ché do, pht hop véi co

ché khang tir dwa trén sw c6 1ap domain va di
hwéng hinh dang (Zhou va nnk., 2017). Tuy nhién,
gi tri tir du Br van giit gia tri gan nhuw khong déi
(0,96 T) do tong thé tich pha a; khong thay doi
nhiéu. Néicachkhac, swkhacbiétve donghoctach
pha cht yéu dnh hwdng dén lwckhang tir (H), chi
khong dnh hwdng nhiéu dén tir du (Br).
bangchiy,chédo 3 (lamngudichdmkéthop
gitr ddng nhiét & 800 °C trong tir trudrng ngoai) da
cho két qua t6i wu nhit: Heduy tri & mikc cao (151
kA/m) trongkhi Brtang1én 1,01 T, nh& d6 (BH)max
dat 72,4 kJ/m? - cao hon hdn so véihai ché do con
lai. Sw cai thién nay c6 thé giai thich b&i trong giai
doan gitr ding nhiét dudi tdc dung cla tir treong
ngoai, tinh dong nhit trong xu hwéng dinh huéng
cua cac thanh a; song song so vé&i hwéng tw
trwong ngoai tang 1én, lam cho nhiéu mémen tir
dinh hwéng dong truc hon trong khi hinh thai ctia
chung tiép tuc dwoc téi wu hda. Chinh sy két hop
clia cac yéu td trén da dan dén sy gia ting dang ké
gidtri cAm tng tlr dw Br (tr 0,96 T1én 1,01 T), dong
thoivan duy tri lwc khang tir & mitc cao. Dong thoi
do c6 Cu trong thanh phan hop kim, dan dén kha
nang hinh thanh va phanbo cadccum Cu & bién pha
gop phanting cwdng mirc do c6 1ap gitra cacthanh
a3, qua d6 van 6n dinh kha ning can tré su dich
chuyén (xoay) ctia cic domain tir nhw ché dé 2.
Nhw vay, ché d6 3 khéng chi duy tri lwc khang tir
cao ma con gia ting dang k€ cam tng tir dw, dwa
dén gia tri (BH)max t6i wu. Cac quan sat nay phu
hop véi nhitng nghién ctiru trweéc chirng té anh
huwéngtich cuc ctiaxily tir nhiétva gitt dingnhiét
c6 treong ngoai d6i véi vi ciu tric va tinh chat tir
cia hop kim Alnico dinh hwéng, dac biét 1a dai
lwong tich nang lwong cwe dai (BH)max (Zhou va
nnk.,2017;Zhouvannk., 2018; Hanva nnk., 2019;
Rehman va nnk., 2019). M6t s6 cong bd gan day
cho thiy sw cai tién dang ké vé mat d6 nang lwong
tir cwec dai nhor diéu chinh cac thongsé xtr 1y nhiét,
chang han nhw nhiét do nunglai, t6c¢ dd 1am ngudi
va cuwong do tir trwong ngoai (Rehman va nnk,
2025b; Liu va nnk., 2025a). Qua trinh xt& ly twr
nhiét khong chi diéu khién kich thwéc va sy phan
b6 thanh ay, ma con gitp dinh hwéng cdu trictheo
hwéng cla tir tredrng ngoai, tao nén trang thai "t
cing dinh hwdng" c6 gia tri (BH)max cao nhat (Sun
va nnk., 2015; Zhou va nnk., 2017; Kronmiller &
Fahnle, 2003). Nghién ctu nay tiép tuc cing co
dwoc ludn diém nay do6i véi hop kim tir cing
AINiCuCo35Ti5Nb: khi hop kim Alnico dwgcxtr ly
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nhiét trong vung phan tach spinodal, sy hinh
thanh va dinh hwéng ctia thanh oy dwéi tac dung
cla tlr treong ngoai dong vai tro chu dao trong
viéc nang cao He, Br va (BH)max.

Nhuw vay, két qua nghién ctru thyc nghiém cho
thiy cac théng s6 tir chinh ctia hgp kim tir cirng
AINiCuCo35Ti5Nb phu thuéc manhvao ché do xir
ly tir nhiét. Hinh dang va dién tich vong tré phan
anh truc tiép sw thay doi cla cac gia tri He, Br va
(BH)max, ddng thoi khang dinh vai tro quyétdinh
ctachédo xtrly tir nhiéttrongviéc diéu chinh tinh
chat tlr crng cua vat liéu.

4. Kétluan

Trong nghién ctru nay, lan dau tién tai Viét
Nam, hop kim ttr ctrng Alnico AINiCuCo35Ti5Nb
da dwoc nghién ctru, chétao thanh congbang cong
nghé niu duc két tinh dinh hwéng (két hop niu
luyén ban hé va diac két tinh dinh hwéng) va xi ly
tr nhiét, hoan toan st dung trang thiét bi va cong
nghé trong nwéc. K€t qua cho thiy vat liéu thu
duwoc cé thanh phan va chit lwong twong dwong
véi hop kim YUNDK AINiCuCo35Ti5NbA
(AINiCuCoTi5NbA) cta LB Nga theo Tiéu chuin
GOST 17809-72.

ba lwa chon dwoc cong nghé xtr 1y tir nhiét tdi
wu, do la xi ly da cip trong diéu kién lam nguoi
cham két hop véi gitt ddng nhiét trong tir trudng
ngoai. V&i cong nghé nay, mau hop kim Alnico
AlINiCuCo35Ti5Nb thu dwoc c6 dac trueng tir tinh
& mirc cao, trong do tich nang lwong tir cuc dai
(BH)max dat 72,4 k] /m3 - twong dwong véi cac gia
tri cda vat liéu nhap ngoai.

Cac két qua thu dwoc khang dinh tiém ning
lam cht c6ng nghé ché tao hop kim tir cirng tién
tién trong nuwéc, dong thoi mé ra trién vong tng
dungtrongnghién ctruva sanxudtvatliéu tir phuc
vu cac linh vic khoa hoc - ki thuat.
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Nhémtac gidxintran trong cdmon Vién Cong
nghé/TCCNQP da ho trg diéu kién trang thiét bi
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thuatva hop tac trong qua trinh thwc hién nghién
ctru.
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