CONG NGHE https://jst-haui.vn | P-ISSN 1859-3585 | E-ISSN 2615-9619

NGHIEN CUU ANH HUONG CUA QUY LUAT CAP TAI AP SUAT
PEN CHAT LUONG TAO HiNH THUY LUC ONG DONG
DANG CHU' U €O NHANH

INVESTIGATION OF THE EFFECT OF PRESSURE LOADING PATHS ON THE FORMING QUALITY
OF BRANCHED U-SHAPED COPPER TUBES IN HYDROFORMING

Dinh Van Duy’, Nguyén Pic Trung',
Trinh Kiéu Tuan?, Trinh Thi Mai"*

DOI: https://doi.org/10.57001/huih5804.2026.162

TOMTAT

Bai bao trinh bay nghién ctiu dnh hudng cta quy ludt cap tai dp sudt dén qud trinh dap thiy luc dng dong (DA110 dang chit U ¢d nhanh thdng qua md phdng
56 phan t& hitu han trén phan mém Abaqus/CAE. Trong nghién c(tu, diéu kién cap liéu doc truc dugc giir khong doi, trong khi dp sudt trong 6ng dugc dp dung
theo 7 quy ludt cp tai khdc nhau, bao gom 1 quy ludt tuyén tinh va 6 quy luat phi tuyén. Két qua cho thay cac quy ludt cap tai phi tuyén 6 anh hudng r rét dén
chdt lugng tao hinh so véi quy ludt tuyén tinh, thé hién qua kha nang dién day khun cao hon va phan b chiéu day hop Iy hon. Ba dang quy ludt déc trung gom
tdng dp nhanh ban dau, tang ap trung binh va ting nhanh & giai doan giia cho hiéu qua vugt trdi khi xét dong thai chiéu cao vau va mic do bién méng. Hiéu
qua clia tling quy luat phu thudc vao miic p sudt cuc dai, véi mot so quy ludt phi hop & ap sut trung binh (20 - 25MPa) va cac quy ludt khdc hiéu qua hon 6 dp
sudt cao (30MPa). Nhin chung, cac quy luat phi tuyén gidp tang chiéu cao vau khoang 8 - 16% so véi quy ludt tuyén tinh, dong thai van kiém soat tét bién méng.
Két qua nghién ctiu cung cap co s6 khoa hoc cho viéc Iva chon va toi uu héa quy ludt cdp tai trong cong nghé dap thay luc ong.

Tirkhéa: Ddp thily tinh dng dong, Abaqus/CAE, quy ludt cdp tdi dp sudt, mé phdng s6.

ABSTRACT

This paper presents a study on the influence of pressure loading paths on the hydroforming of U-shaped CDA110 copper tubes with branches using finite
element simulation in Abaqus/CAE. In the study, the axial feeding condition is kept constant, while the internal pressure is applied through seven different
loading paths, including one linear and six nonlinear cases. The results show that nonlinear loading paths significantly affect forming quality compared to the
linear case, leading to improved die filling and more uniform thickness distribution. Three characteristic loading paths, including rapid initial loading, moderate
loading, and accelerated loading in the intermediate stage, exhibit superior performance in terms of both branch height and thickness thinning. The effectiveness
of each loading path depends on the maximum pressure level, with some paths performing better at medium pressures (20 - 25MPa) and others at higher
pressure (30MPa). Overall, nonlinear loading paths increase branch height by approximately 8 - 16% compared to the linear case while maintaining good
thinning control. The findings provide a scientific basis for selecting and optimizing loading paths in tube hydroforming processes.

Keywords: Tube hydroforming, Abaqus/CAE, pressure loading path, numerical simulation.
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1. GIGI THIEU

Cong nghé dap thay luc 6ng (tube hydroforming) la
mot trong nhiing phuong phap gia céng ap luc tién tién,
cho phép ché tao cac chi tiét rong cé hinh dang phtic tap
vGi d6 chinh xac cao va phan bé chiéu day hogp ly [1-3].
Dac biét, d6i vai cac chi tiét dang chir U c6 nhanh, céng
nghé nay thé hién uu thé vugt trdi so vdi cac phuong
phap truyén théng nhd khd nang tao hinh déng thoi
nhiéu vling bién dang trong mét nguyén cong [4-6].

Tuy nhién, qua trinh tao hinh céc chi tiét dang nay
thudng d6i mat vai cac van dé nhu bién mong cuc bo,
phan bé chiéu day khong déng déu va kho khan trong
viéc dién day khuoén, dac biét tai ving nhanh va viing ban
kinh cong ngoai [6, 7]. Nhiing han ché nay chiu anh
hudng manh bdi cac théng s6 cong nghé, trong do6 quy
luat cap tai ap suat theo thai gian (loading path) dugc
xem la mét trong nhing yéu t6 quyét dinh dén co ché
bién dang va chat lugng san pham [8-10].

Cac nghién ctu trudc day da chi ra rang viéc diéu
chinh quy luat cdp téi c6 thé cai thién dang ké kha nang
tao hinh, thong qua viéc kiém soat dong chay vat liéu va
phan b6 ting suat trong qua trinh bién dang [10, 11]. Tuy
nhién, phan I6n cac cong trinh tap trung vao cac dang chi
tiét don gian hodc chua danh gia mét cach hé théng anh
hudng clia cadc dang quy luat cap tai khac nhau déi vai chi
tiét 6ng cht U c6 nhanh [6, 7, 12].

Xuat phat ti thuc té€ d6, nghién ctu nay tap trung
phan tich anh hudng clia cac quy luat cap tai ap suat dén
chat lugng tao hinh thay luc éng chit U c6 nhénh thong
qua mé phong sé bang phuang phéap phan ti hiru han.
Cac tiéu chi danh gia chinh bao gom kha nang dién day
khuon (thé hién qua chiéu cao vau) va muc do bién moéng
thanh 6ng. Trén co s& do, nghién ctu huéng téi viéc xac
dinh cac quy luat cap tai pht hgp nham nang cao chat
lugng tao hinh va hiéu qua cong nghé.
2.D0I TUGNG NGHIEN CUU VA MO PHONG SO:

2.1. Déi tugng nghién ciu

S0

Hinh 1. Ban vé chi tiét
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H2

.

Hinh 2. Ban vé chi tiét sau tao hinh

Nghién ctu dugc thuc hién trén phéi 6ng déng
CDA110 khoéng han, cé dac tinh ca ly phu hgp cho qua
trinh tao hinh thay luc nhd d6 déo cao va kha nang chéng
nut t6t. Thong s6 phdi ban dau va hinh dang san pham
sau khi tao hinh dugc thé hién trong hinh 1 va 2. Véi gia
s sau uon phéi cé dé day déng déu trén toan bo 6ng va
khong ton tai Uing suat du.

Trong dé cac thong s6 dau vao:

Do =22,22mm
So=1,2mm
Ho=35mm

R =35mm (ban kinh dudng trung hoa)
Théng s dau ra san pham:

Do =22,22mm
So=1,2mm
Hi=20mm

Ha: Phu thuéc vao chiéu cao nhéanh tao thanh sau mé
phong, day la bién can xac dinh.
Bang 1. Ddc tinh k§ thuat cda vat liéu Cu CDA110 sau khi d [11]

Cacthong sé va dac tinh kyj thuat cia vat liéu CDA110 Gia tri
Nhiéu d khdo sét thdng s6 vat liéu (°C) 24
Khdi lugng riéng, p (kg/m?) 8940
M@ dun dan hi, £ (GPa) 115
Hang so vat liéu, C (MPa) 325
S6 mii hda bén, n 0,54
Hé s6 Poisson, v 0,33
Ung sudt chdy gidi han, o, (MPa) 170
Ung suét bén gidi han, g, (MPa) 370
Mitc d6 gian dai tuong doi, (%) 40

Cac thoéng so vat liéu CDA110 dugc trinh bay trong
bang 1, bao gém: m6 dun dan hoi, iing suat chay, gidi han
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bén kéo va hé s6 héa bén. Nhiing dir liéu nay dugc khai
bédo trong thé Property cila phan mém Abaqus/CAE dé
phuc vu cho qua trinh mé phéng.
2.2. Mé phéng sé trén Abaqus/CAE

Trong nghién ctu nay, qua trinh dap thuay tinh dugc
mo phong bang phan mém Abaqus/CAE. Day la mot nén
tang phan tich phan ttrhiu han (FEA) c6 dé chinh xac cao,
cho phép tai hién chi tiét sy phan bo (ng suat va bién
dang trong vat liéu.

2.2.1. Quy trinh mé phéng sé

M6 phong dugc thuc hién theo cac budc co ban: thiét
ké hinh hoc, khai bao vat liéu va thudc tinh phan tl, lap
rap mé hinh, chia lugi, thiét lap diéu kién bién va tai trong,
sau d6 tién hanh tinh toan va phan tich két qua [13].

2.2.2. Mé hinh héa va diéu kién bién

Xay dung mé hinh hinh hoc va tuong tac:

Hinh 3. M hinh chia lu6i phdi ng
Khuén

Chay Phoéi 6ng

Hinh 4. M6 hinh I3p rép va tuong tac

DE tiét kiém thai gian va dung lugng tinh toan, mé
hinh dugc xay dung véi ¥4 hinh hoc nh& khai thac tinh d6i
xung clia két cdu [14]. Cac bo phan chinh bao gobm khuén,
phoi 6ng va chay dau 6ng. Phoi dugc mé hinh hoa bang
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phan t& vo S4R trong Abaqus/CAE. Ludi phan ti phéi 6ng
dugc chia véi kich thudc trung binh 0,5mm, cic ving
cong dugc tinh chinh min han, nhé nhat khoang 0,05mm
théng qua thiét 1ap Curvature control va Minimum size
control, véi téng cdng 9900 phan ti (hinh 3). Tuong tac
tiép xuc gitta cac bé mat (phoi - khudén va phéi - chay)
dugc dinh nghia vé6i hé s6 ma sat khéong déi u = 0,1 [3]
(hinh 4).

Piéu kién bién:

Diéu kién bién la yéu té anh hudng truc tiép dén két
qua mé phéng. Khi gén diéu kién bién cho qua trinh thay
tinh 6ng vai bai nghién cdiu nay can cha y dén cac yéu to:
gia tri 4p suat long 6ng, gia tri luc hay khoang dich chuyén
chay dau 6ng. Déng thai can phai cha y dén viéc khéng
ché chuyén dong déi véi nhimng vung ldy déi xing dé
tranh nhiing bién dang khong mong muén. Trong mo
hinh, khuén dugc c6 dinh hoan toan. Cac mat phéng ddi
xtng ctia phoi dugc gan rang budc symmetry dé han ché
chuyén déng khéng mong muén. Chay dau éng dugc
diéu khién dich chuyén doc truc Y (cac bac tu do khac bi
khoa), trong khi mat trong phéi dugc dung dé ap tai ap
sudt chat I6ng. Sau tat ca nhiing théng sé nay thi van dé
khong nho d6 la quy luat cap ap suat chat long, dich
chuyén chay dugc dua vao theo dang nao: Tuyén tinh hay
phi tuyén.

2.2.3. Kich ban cdp tadi

1.2
1
E 0.8
E 0.6
A 0.4
0.2
0
0 0.2 0.4 0.6 0.8 1 1.2
t/tmax
==@==Type 1 =@ Type 2 Type 3
Tuyén Tinh ==@==Type 4 ==@==Type 5
=@ Type 6

Hinh 5. Cac quy ludt cdp tai ap suat khong thd nguyén (P/Pmax - t/tmax)

Dé& danh gia anh hudng cla quy luat cap tai 4p suat,
nghién ctu xem xét 1 quy luat tuyén tinh (Linear) va 6
quy luat phi tuyén (Type 1 - Type 6), dugc xay dung dudi
dang khong thu nguyén (P/Pmax - t/tmax). Cac quy luat
dugc xay dung nham dai dién cho cac dang phan bé ap
suat dién hinh, bao gém tang nhanh & giai doan dau,
tang déu theo thgi gian va tang tré & giai doan dau két
hgp tang nhanh & cac giai doan sau (hinh 5). Cac diém
dac trung clia ting quy luat dugc lya chon nham dam
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bdo bao phu cac dang phan bé &p suat dién hinh trong
qua trinh tao hinh thay luc.

Trong nghién ctu nay, cac quy luat cap tai dugc xay
dung bang Tabular Amplitude trong Abaqus/Explicit, v&i
thai gian dugc chudn héa trong khodng tir 0 dén 1 (hinh
6). Viéc st dung Tabular Amplitude cho phép mo ta linh
hoat cac quy luat phi tuyén, déng thai dam bao kiém soat
chinh xac su bién thién ap suat theo thai gian.

Cac ham bién d6 tuong Ung vdi tung quy luat dugc
dinh nghia truc tiép trong tép dau vao (*.inp), nham thuan
tién cho viéc hiéu chinh va trién khai cac kich ban mé
phong khac nhau. Trong nghién ctu nay, 4p suat chat long
cuc dai (Pmax) dugc lua chon tai ba muic 20, 25 va 30MPa [5].

% Edit Amplitude x

MName: press
Type: Smooth step

Time span: | Step time

Time/Frequency Amplitude

1 0 0

2 0.05 03
3 0.15 0.42
4 0.4 0.7
5 0.75 0.9
5 SN L

OK Cancel

Hinh 6. Bién d0 cdp tai theo thdi gian clia Type 1
3. KET QUA VA THAO LUAN
3.1. Thu thap két qua

Sau khi thuc hién 21 mé phong (3 tuyén tinh va 18 phi
tuyén), két qua thu thap thé hién trong biéu dé hinh 7.
Cac dai lugng chinh bao gom: d6 bién moéng tai ving xa
nhat cta vau (STH) va chiéu cao vau (H,). Ngoai ra, quan
hé (ing suat von Mises - bién dang PEEQ tai dinh vdu theo
cac quy luat cap tai dugc thé hién & hinh 8.

Chiéu cao vau Hy (mm)

0 L _ .

20 . .25 30
Ap suat chat long Pr (MPa)
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Ung suit (MPa)

Bién méng nhé nhat (mm)

20’ - ’ 25 30
Ap suat chat long Pr (MPa)
Hinh 7. Bi€u d6 méi quan hé quy ludt cip ti va ap sudt I6n nhat dén chiéu
€a0 vau va bién mong nhd nhat
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a) Quy ludt cap tai tuyén tinh
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b) Quy ludt cap tai phi tuyén véi dp sudt toi da la 20MPa

L'J’ng suat (MPa)
= &
s =

It
|-

. L L L L
0.00 0.05 0.10 0.15 0.20 0.25

Bién dang (mm) o S-PEEQ2S 1
—— S-PEEQ25 3
b S-PEEQ25_2

¢) Quy ludt cap tai phi tuyén véi ap sudt toi da la 25MPa
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200.

150+

100, -

U'ug sudt (MPa)

L L 1 L
0.00 0.10 0.20 0.30 0.40 0.50

Bién (ia.ng (mm)

d) Quy ludt cdp tai phi tuyén vdi ap suat toi da la 30MPa

Hinh 8. Biéu d6 quan hé (ing sudt va bién dang PEEQ tai dinh vau theo cic
kich ban cdp tai
3.2.Thao luan

Trong pham vi nghién ctu nay, gia tri chiéu day nho
nhat khoang 0,84mm (tuong Uing véi muc giam chiéu day
khodng 30% so v&i ban dau) dugc sir dung nhu mét méc
tham chiéu dua trén kinh nghiém, nham hé trg so sanh va
danh gia cac quy luat cap tai.

3.2.1. Anh huéng cua cdp tdi tuyén tinh

VGi quy luat cap tai tuyén tinh, khi 4p suat tang tu
20MPa lén 30MPa, chiéu cao vau tang tu 6,554mm lén
8,950mm, trong khi chiéu day nhé nhat giam tr 1,054mm
xuéng 0,807mm. K&t qua nay cho thay viéc tang ap suat
giup cai thién kha nang dién day khuén, tuy nhién dong
thai lam gia tang muc dé bién moéng thanh 6ng. Tai ap
suat 30MPa, gia tri STH = 0,807mm thap hon nguéng
tham chiéu (0,84mm), cho thdy nguy co mat 6n dinh va
phé hay cuc bd c6 thé xay ra.

3.2.2. Anh huéng ciia cdp tdi phi tuyén

Két qua mo6 phong cho thdy cac quy luat cap tai phi
tuyén co6 xu hudng cai thién ro rét kha nang tao hinh so
véi quy luat tuyén tinh. G cing muic &p suat, chiéu cao vau
cUa cac quy luat phi tuyén déu I6n hon. Vi dy, tai 30MPa,
quy luat tuyén tinh dat Hv = 8,950mm, trong khi cac quy
luat phi tuyén tiéu biéu dat Hv = 10,376mm (quy luat 1),
10,209mm (quy luat 2) va 9,775mm (quy luat 3).

Dong thai, cac quy luat phi tuyén cho phép duy tri
chiéu day thanh trong pham vi chap nhan dugc & cac
muc ap suat trung binh. Tai 25MPa, gia tri STH clia cac
quy luat phi tuyén nam trong khoang 0,908 - 0,941mm,
so véi 0,963mm cua quy luat tuyén tinh, cho thay su
danh ddi hop ly gita kha nang tang chiéu cao vau va
kiém soat bién mong.
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Két hop vai hinh 7, c6 thé thdy cac quy luat phi tuyén,
dac biét la quy luat 1 va 2 & muic ap suat 25MPa, giup tang
chiéu cao vau tu 8 - 16% so vai tuyén tinh, dong thoi van
dam bao kha nang kiém soat bién maéng.

3.2.3. So sdnh giita cdc quy ludt phi tuyén

Khi so sanh gilta cac quy luat phi tuyén, c6 thé nhan
thay su khéc biét ré rét vé kha nang can bang gila chiéu
cao vau va muc dé bién mong:

e Quy luat 1 va 2 (tang ap nhanh & giai doan dau) cho
chiéu cao vau I6n nhat, dat t6i 10,37 mm tai 30MPa, tuy
nhién dong thai dan dén mdc bién mong I6n, véi STH
giam xudng tGi 0,722 mm, thap hon ngudng tham chiéu.

e Quy luat 3 cho két qua trung gian, véi chiéu cao vau
tuang doi cao (khoang 10,209mm tai 30MPa) va muic bién
mong thap hon so véi quy luat 1 va 2, tuy nhién van chua
dat ngudng an toan vé chiéu day.

e Quy luat 4 (tdng cham ban dau, tang nhanh & giai
doan gilta) cho thdy su gia tang dang ké chiéu cao vau khi
ap suat tang, tuy nhién mdc bién mong cling tang manh,
dan dén nguy ca mat 6n dinh & ap suat cao.

e Quy luat 5 va 6 (tang chdm 20% ban dau, gan tuyén
tinh phan con lai) cho két qua can bang hon gitia chiéu
cao vau va chiéu day thanh. Dac biét tai 30MPa, cac quy
luat nay dat Hv = 9,775mm va STH = 0,763mm, cho thay
kha nang kiém soat bién moéng tét hon so véi cac quy
luat khac.

Tai muc ap suat 25MPa, quy luat 3 tuy cho két qua
an toan nhat véi STH = 0,941Tmm va Hv = 8,072mm,
trong khi quy luat 1 va 2 cho chiéu cao vau Ién hon va
muic bién mong nho nhat van nam trong gidi han tham
chiéu (0,84mm)

Nhu vay, khéng ton tai mot quy luat cap tai téi uu cho
moi diéu kién. Hiéu qua cla tiing quy luat phu thudc ro
rét vao muc ap suat ap dung.

3.2.4. Quan hé iing sudt - bién dang

Hinh 8 trinh bay quan hé gilta Ung suat von Mises va
bién dang déo tuong duang (PEEQ) tai vung dinh vau.
Cac dudng cong cho thdy Ung suat tang dan theo bién
dang, phan anh co ché héa bén cua vat liéu déng
CDAT110.

So véi quy ludt tuyén tinh, cac quy luat phi tuyén lam
dudng cong dich Ién phia trén, tuic la tai cing muc bién
dang, Uing suat dat dugc I6n hon. Biéu nay gop phan thic
déy qua trinh dién day khuén va hinh thanh chiéu cao vau
I6n hon. Quy luat 1 va 2 tao ra muc Ung suat cao nhat,
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tuong Ung véi khd ndng tao hinh sau hon nhung cling
lam gia tang nguy ca bién mong cuc bé.

Xu huéng nay phu hgp véi két qua phan tich hinh hoc
da trinh bay & trén, qua do6 giai thich su gia tang chiéu cao
vau trong cac quy luat cap tai phi tuyén.

3.2.5. Nhdn xét téng hop

Két qua mo phdng cho thdy quy luat cap tai dp suat co
anh hudng ro rét dén co ché bién dang va chat lugng tao
hinh trong dap thay luc 6ng. So véi quy luat tuyén tinh,
cac quy luat phi tuyén cai thién kha nang dién day khuén
va phan bé chiéu day thanh hgp ly hon, dac biét & viing
ap suat trung binh va cao, phu hgp véi cac nghién ctu co
ban vé hydroforming [1-3].

Su khac biét gilta cac quy luat chu yéu xuat phat tu
qua trinh tich lay bién dang déo theo thgi gian. Cac quy
luat tang ap nhanh & giai doan dau gidp nang cao chiéu
cao vau & ap sudt trung binh (20 - 25MPa) do thuc day
dong chdy vat liéu sém vao vung nhanh [4, 12]. Tuy
nhién, & ap suat cao, dic trung nay c6 thé lam gia ting
bién mong cuc bd do phan bé bién dang chua déng déu
[7, 8]. Nguagc lai, cac quy luat tang cham ban dau va tang
nhanh & giai doan gilta cho phép vat liéu phan bd 6n
dinh hon trudc khi chiu tai Ién, tU d6 cai thién su can
bang gilia dién day khuén va kiém soat bién méng &
muc ap suat 30MPa [10, 11].

Két qua cling cho thay khong ton tai mot quy luat cap
tai toi uu cho moi diéu kién. Hiéu qua cua ting quy luat
phu thudc vao muc 4p suat cuc dai va trang thai bién
dang tuong ung, phu hgp véi cac nghién ctu trudc [5, 9,
11]. Trong d6, ba dang quy luat dac trung gém: tang ap
nhanh ban dau, tang ap theo tung giai doan va tang
cham ban dau két hgp tang nhanh & giai doan gitta cho
két qua tot hon khi xét dong thai chiéu cao vau va muc
do bién mong.

Nhin chung, anh hudng ctia quy lut cap tai tré nén ro
rét khi bién dang déo tich Ity du 16n, lam xuat hién sy
khac biét vé phan bé ting suat va dong chay vat liéu [3,
13]. Do d¢, viéc lua chon quy luat cap tai phu hop la yéu
té quan trong nham t6i uu hoa qua trinh dap thay luc 6ng
va nang cao chat lugng tao hinh.

4, KET LUAN

Nghién ctru da lam r6 anh hudng cla quy luat cap tai
ap suat dén chat lugng tao hinh thuy luc 6ng chit U co6
nhanh. Két qua cho thdy cac quy luat cap tai phi tuyén cai
thién dang ké kha nang dién day khuén va phan bé chiéu
day thanh so véi quy luat tuyén tinh, dac biét trong viing
ap suat trung binh va cao.
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Cac quy luat tang ap nhanh & giai doan dau giup
nang cao chiéu cao vau, trong khi cac quy luat tang
cham ban dau va tang nhanh & giai doan gitta cho kha
nang kiém soat bién méng tét hon & &p suat cao. Tuy
nhién, khong ton tai mét quy luat téi uu duy nhat; hiéu
qua phu thudc vao su phoi hgp gitra quy luat cap tai va
muc ap suat cuc dai.

K&t qua nghién clu la co s dé lua chon quy luat cap
tai phu hgp, gop phan nang cao chat lugng tao hinh va
hiéu qua ctia qua trinh dap thay luc 6ng.

Tuy nhién, nghién ctu hién tai maéi xét dén diéu kién
ma sat dong déu va chua xem xét anh hudng clia d6i ap
cling nhu céc yéu t6 cong nghé khac. Trong cac nghién
clu tiép theo, cdn ma rong khao sat véi cac diéu kién bién
khac nhau, két hgp thuc nghiém kiém chiing nham nang
cao do tin cay va kha nang ting dung cuia két qua.
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