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Ho & tén NCS : L& Vin An MS NCS: 13252010302
Thudc chuyén nganh : K§ thuat co khi Khoéa: 2013-2016
Tén luan an : Nghién cttu ché tao va tinh toan md phong mang mong
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TOm tat nhitng dong gop mai Vé 1y luan va hoc thuat caa luan an:

- Viéc nghién ciu, ché tao mang mong c6 nén cacbon giéng kim cuong (DLC)
bang phuong phéap két hop phlin xa magnetron va ha hoc di dugc thuc hién. Phuong
phap két hop nay cho toc do phu mang cao hon nhiéu (gap 2 lan) so véi phin xa
magnetron thuan tdy.

- Thdng qua viéc thiét ké cac thi nghiém, tac gia da co6 duoc cac thong sé phu
hop dé phti mang c6 cau tric nanocomposite véi c4c hat tinh thé nano TiC (kich thudc
tir 2-4 nm) phan tan trong nén vé dinh hinh DLC. Cau tric té vi cua mang dé dang
thay d6i thong qua viéc thay doi mat dé ning luong cua bia Ti.

- Thanh phan, ciu trlc té vi, co tinh va tinh chat ma st cia mang duoc khao sat
chi tiét bang céc thiét bi chan doan chuyén biét ding cho vat liéu c6 cau tric nano.
Céac mang nanocomposite c6 do cuang cao (20-30 GPa), tng suat noi thap (1-2 GPa),
bam dinh 18n bé mat chi tiét phu rat tot va hé s6 ma sét trong diéu kién khong boi tron
khi truot véi thép rat nho (0,17-0,19). Céac théng sé nay cho thiy mang
nanocomposite ¢d nén DLC duoc ché tap bang phuong phap méi vuot troi so véi cac

mang chong mon théng thuong dang duoc sir dung nhu carbide hodc nitride.
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- Trén co sé ly thuyét vé do d6 cting nano, ly thuyét bién dang va phuong phap
PTHH, mé hinh toan va luu dd giai thuat cia mang mong chiu tai boi dau ¢am nano
da duoc thiét 1ap. Chuong trinh tinh toan duoc lap trinh bang Matlab. Cac mang
nanocomposite c6 nén DLC duoc ché tao trong phan thuc nghiém da duoc sir dung
lam d6i tuong nghién ctru dé khao sat o cang, phan bb wng suat, bién dang va hu
hong khi chiu tai bai ddu ddm nano. D6 chinh xé&c cua tinh todn va md phong duoc
danh gia dya vao sai s6 theo chuan ning lwong va téc do hoi tu. Két qua c6 duoc tir
luan 4n 13 co s¢ dé phat trién cac nghién ctru chuyén sau vé kha ning chiu tai va hu

hong caa mang mong & cac ché do 1am viéc phuc tap.

Tp. HO Chi Minh, ngay 07 thang 5 nim 2020
Nghién ctru sinh
(Ky va ghi rd ho tén)

Lé Van An
Ngudi huéng dan chinh Ngudi huéng dan phu
(Ky va ghi r6 ho tén) (Ky va ghi rd ho tén)
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SUMMARY OF CONTRIBUTIONS OF THE THESIS

PhD candidate : Le Van An Candidate code: 13252010302
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Thesis title . Deposition, calculation and simulation of DLC-based thin films

with good wear resistance and low friction
Supervisor : Assoc. Prof. Dr. Bui Xuan Lam
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Summary of theoretical and academic contribution of the thesis:

- The research and producing of diamond-like carbon (DLC) based thin films
deposited via a combination method of magnetron sputtering and chemical vapor
deposition were carried out. This deposition method gives much higher depostion
rates compared to that of magnetron sputtering

- Through experiment design, the deposition parematers, which result in
nanocomposite structure with TiC nanocrysrtals (2-4 nm) embedded in the
amorphous matrix of DLC, were determined. The microstructure of the thin films can
be modified easily via changing the power density of Ti target.

- Composition, microstructure, mechanical and tribological properties of the
deposited thin films were investigated using advanced characterization techniques.
Nanocomposite thin films have high hardness (20-30 GPa), low residual stress (1-2
GPa), very good adhesion to the substrate, and low coefficient of friction (0.17-0.19)
when sliding against steel counterpart. These excellent properties prove that the DLC
nanocomposite thin films deposited via this new method are much better than carbide
or nitride thin films, which are being used in tribological applications.

- Basing on the theory of nanoindentation, theory of deformation, and finite

viii



element analysis, the mathematical model and algorithm of a thin film loaded by the
nanoindenter were built. The programming was carried out with Matlab code.
Hardness, stresses distribution, deformation and failure of DLC based nanocomposite
thin films deposited in the experiment part were investigated. The accuracy of the
calculation and simulation was estimated using the energy norm and the rate of
convergence. The results of this research can be used to develop studies on load-

bearing capacity and failure of thin films under complicated working conditions.

Ho Chi Minh City, 07 May 2020
Candidate

Le Van An

Supervisor Co-supervisor
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MO DAU
1. Ly do chon dé tai

Ma séat va mai mon la nguyén nhan gay that thoat ning lugng, ting tiéu hao
nhién liéu, 1am giam hiéu suat va tudi tho thiét bi cong nghiép. Bac biét vai nhirng hé
thdng co khi hoat dong trong diéu kién khong c6 boi tron hoic boi tron kém, cac chi
tiét trong hé théng co dién tir siéu nhé, dao cit got kim loai trén may CNC siéu téc.
Do d6, viéc nghién citu cac giai phap chdng mon va giam ma sat trong diéu kién boi
tron kém hodc khong boi tron di va dang duoc nhiéu nha khoa hoc quan tm. O Viét
Nam di c¢6 cac cong bd vé mang chdng mon, giam ma sat mot 16p nhu TiN, CrN.,...
[1, 2] hay mang da 16p don nguyén t6 nhu TiN/CrN hoic da nguyén t6 TIAIBN, mang
da 16p da nguyén t6 nhu TiAISiN/CrN [3]. Trong cé&c nghién ciru nay da phan cac
mang c6 hé s ma sét 16n (>0,5). Trén thé gidi cling c6 nhiéu céng bd vé mang mong
hop kim nano chéng mon nhu Ti-SixNy, TiCu, NiCr, CrNi,.. [7-14] tuy nhién nhiing
mang nay khong 6n dinh ¢ nhiét do cao, tng suat du 16n va hé sé ma sat kha 16n
(>0,3). Nanocomposite 1a mot dang mang mong ¢é cau trac nano duoc nghién ciu
nhiéu trong thoi gian gan day. Dic biét, mang nanocomposite ¢6 nén cacbon gidng
kim cuong (DLC) duogc xem la mét trong nhitng loai mang tét nhat ding trong céc
ing dung chdng mon va giam ma sat trong diéu kién khong boi tron do trong qué
trinh ma sat cua loai mang nay, mét 16p boi tron ran giau graphite dugc hinh thanh o
bé mat ma sat. Cac mang nanocomposite loai nay thuong dugc ché tao bang phuong
phap hoa hoc (Chemical Vapor Deposition - CVD) hoac vat ly (Physical Vapor
Deposition - PVD). M&i phuong phép ché tao déu c6 wu nhuoe diém riéng. Phuong
phap PVD cho d6 ctrng ciia mang cao nhung toc d6 phu thap, wng suit du 16n, mang
d& bong troc. Phuong phap CVD cho mang ¢ tng suat du thip nhung do cing va
tinh chéng mon kém. Trong nghién ciru nay, PVD va CVD dugc két hop dé ché tao
mang nanocomposite véi toe do phi cao, c6 d6 cting cao, tinh chéng mon tét, ma sat
thap, ing suat noi thap phd hop véi cac ting dung chong mai mon va ma sat cho cac

chi tiét chuyén dong trong diéu kién khong bdi tron hoic bdi tron kém. Kha ning chiu



tai ciia mang dudi tc dung cia diu dam nano dugc danh gia qua méd phong bang
phuong phap phan ti hitu han (1ap trinh véi code Matlab) 1a tién dé dé danh gia kha
nang chiu tai va hu hong cua loai mang nay & cac ché do chiu tai phic tap trong thuc
té. V6i nhan thac trén, nghién ciu sinh lya chon dé tai “Nghién citu ché tao va tinh
toan md phéng mang méng véi nén cacbon gidng kim cwong c¢é tinh chdng mon

cao va ma sat thap” 1am noi dung nghién cau.
2. Muc dich nghién ciru

- Thiét ké va ché tao mang mong nanocomposite vai cac tinh thé TiC phan tan
trén nén vo dinh hinh carbon giéng kim cuong (DLC) bang phuong phap phin xa
magnetron (mot dang PVD) két hop CVD. Mang duogc ky vong c6 do cing cao tir ty
18 16n sp® (gidng kim cuong cua carbon) cia nén két hop véi cot 1a cac tinh thé nano
TiC c6 kich thudc vai nm. Hé sé ma sat thap do c6 su chuyén hoa tir cau tric sp® (kim
cuong) sang sp? (graphite) trong qua trinh chiu tai.

- Xay dyng md hinh va luu d giai thuat tinh toan mé phong mang chiu tai bai
dau dam nano. P chinh cua loi giai duoc phan tich va danh gia thong qua chuan sai

s6 Vvé ning luong va toc do hoi tu.
3. Nhiém vu nghién cau

- Nghién ctru kha niang két hop phuong phap phu vat ly va pha hda hoc.

- Nghién ctru thyc nghiém tim ra théng sé ché tao mang phu hop.

- Nghién ciu sir dung hiéu qua céc thiét bi chan doan cao cap cho mang mong
nano dé xac dinh thanh phan, ciu trac, 6 nham bé mat nhu: nhidu xa tia X véi goc
tgi nho (Glancing Incident X-ray Diffraction, GIXRD), phd photoelectron (X-ray
Photoelectron Spectroscopy, XPS), kinh hién vi dién tir quét (Scanning Electron
Microscope, SEM), kinh hién vi dién tir truyén qua (Transmision Electron
Microscope, TEM), kinh hién vi luc nguyén tir (Atomic Force Microscope, AFM).

- Nghién ciru sir dung hiéu qua céc thiét bi xac dinh tinh cht co hoc va ma sat
cuia mang mong: thiét bi do d6 cing nano (Nanoindentation) bang dau dam nano

(nanoindenter), thiét bi tao vét xudc dé danh gia tinh bam dinh va chéng v& gion,



thiét bi quét bé mat dé xac dinh &ng suat du ciia mang (laser Tencor), thiét bi ma sat
cAu hinh “bi truot trén dia”.

- Nghién curu st dung ngbn ngt lap trinh Matlab.
4. Pham vi nghién ctru

- Mang mong nanocomposite ¢6 nén DLC duoc phu trén dé Si va thép, sau d6
ding cac thiét bi chuy@n biét dé xac dinh ciu tric, cac tinh chit co hoc va ma sat caa
mang.

- Viéc tinh toan truong chuyén vi, bién dang, tng suat khi mang chiu tai dugc
thuc hién trén mo hinh 2D.

- Trong qua trinh mang chiu tai bai du dam nano anh huéng cia ma sat va nhiét
d6 dugc bo qua, lién két gitta mang va dé 1a 1y twong, ma tran do ciing k khong doi.

- Céc hat nano dugc xem nhu phan bd déu trong nén vé dinh hinh DLC.
5. Phuwong phap nghién cau

Ludn an dugc thuc hién bang phuong phap nghién ctu Iy thuyét két hop thuc

nghiém va mo phong sé.
6. Y nghia khoa hoc va thuc tién

- Vé khoa hoc: C6 dugc phuong phap ché tao mang mong DLC thuan khiét,
mang TiC va trong tdm nghién ciu 1a ché tao mang nanocomposite véi cac hat tinh
thé nano phan tan trén nén v6 dinh hinh DLC c6 d6 ciing cao, (ng suit du thap, c6
kha nang bam dinh t6t va hé s ma sét thap phd hop cho tng dung chéng mon.

- V& thuc tién: San pham nghién ciu cua luan an cé tac dung dinh hudng Gng
dung trong linh vuc co khi chinh xac (dao cat kim loai c6 d cing cao ding trén may

CNC, trén céc thiét bi boi tron kém hoic khong duoc bdi tron, ...).
7. Cau tric caa luan an

Luan an duogc cau trdc gom: ma dau, 4 chuong, két luan va kién nghi.
- Chwong 1. Tong quan vé mang mong va cac phuong phap ché tao

Trinh bay tong quan vé mang mong va cac dang mang mong ¢6 cau trdc nano



d3 va dang dugc nghién ctu cua céc tac gia trong nudc va ngoai nudc, dic biét doi
v6i mang c6 nén DLC. Bén canh do, tac gia trinh bay cac phuong phap pha mang
bang PVD va CVD, vu nhuge diém cua timg phuong phap; co ché hinh thanh va phéat
trién cuia mang phu bang phwong phap phun xa va tng suit phét sinh trong mang 1am
co s& cho viéc xac dinh nhiém vu nghién ciu cua luan an.

- Chuong 2. Ché tao mang mong cd nén cacbon gidng kim cwong phu bang
phuong phap phiin xa magnetron két hop héa hoc

Trinh bay qua trinh ché tao mang méng c6 nén DLC bang phuong phap phin
xa magnetron két hop héa hoc. Téc d6 phi duoc nghién ctru va so sanh véi ché do
pht PVD thuan tdy. Thanh phan, cdu tric va hinh anh bé mit cua mang da ché tao
duoc x4c dinh bang cac thiét bi XPS, XRD, SEM, TEM, AFM.

- Chuong 3. CAc tinh chit co hoc va ma sat caa mang mong ¢6 nén cachon giéng
kim cuong phii bang phuong phap phun xa magnetron két hop héa hoc

Thuc nghiém xac dinh céc tinh chat co hoc va ma sat caa mang thdng qua thiét
bi nhu may do ng suat laser Tencor, may do do cimg nano, may do ma sat, kinh hién
vi quang hoc.

- Chuong 4. Tinh to4n mé phong &ng xi tinh cua mang nanocomposite ¢ nén
cacbon giéng kim cuong chiu tai bai ddu dam nano

Trinh bay téng quét vé phuong phap do d6 cing nano, phuong phap phan t
hitu han, ly thuyét bién dang va danh gia sai s6, lap so d6 giai thuat dé mo phong qua
trinh chiu tai bai dau dam nano ctia mang ¢6 nén DLC. Chuong trinh tinh toan véi
code Matlab da duoc thiét l1ap. Két qua mé phong duoc so sanh véi két qua thuc
nghiém d3 tién hanh trén may do d6 cting nano (thuc hién trong chuong 3).

- Két luan va kién nghi.



Chuong 1.
TONG QUAN VE MANG MONG VA CAC PHUONG

PHAP CHE TAO

1.1. Téng quan vé mang méng

Chi tiét may bi mai mon din dén nhitng hu hong cac thiét bi cong nghiép da va
dang lam thiét hai 16n cho ngudi str dung va nang chi phi san xuat. Thém vao do,
nhitng chi tiét bi hong do mon khéng nhitng gay & nhiém mai tredng ma con 1am lang
phi xa hoi rat Ion. Cac chi tiét hay bi mai mon nhu 6 lan, truc lin, truc can,... va dic
biét 1a dao cat kim loai va nhirng dung cu, chi tiét, bo phan may lam viéc trong moi
truong khac nghiét thi sy mai mon con khéc liét hon. Vi vay, viéc nghién ctu cac
giai phap chong mai mon va giam ma sat di va dang thu hat sy quan tm cua nhiéu
nha khoa hoc. Nhitng nam gan ddy c6 nhiéu cdng bé vé mang mong chéng mon nhur:

- C4c loai mang ceramic da tinh thé nhu MeC, MeN, MeCxNy (Me 1a nguyén tb
kim loai) c6 d6 cimg cao, da duoc nghién ciru tng dung trong thyc té tir rat 1au, tuy
nhién hé s6 ma sat cua cac loai mang nay thudng rat 16n (>0,3) [4 — 6].

- Mang hop kim nano tinh thé cé cau trdc phu thudc vao ham luong va loai
nguyén té thém vao nguyén té chinh. Cac loai mang hop kim nano di dugc nghién
ctiu trong khoang 15 nam nay, cac tac gia dién hinh c6 nhiéu nghién ctu hé thong
cho loai mang nay 1a Musil va Veprek. Cac loai mang duoc Musil nghién ciu rat da
dang, c6 thé ké d¢én NiCr, CrNi, ZrY, ZrCu, TiSi, CrCu hoic cac mang ceramic (oxide
hoic carbide) cua cac kim loai ZrCu,TiCu, SiMe (Me c6 thé 1a cac kim loai Ta, Zr,
Mo, W) [7 - 11]. Trong khi d6, S. Veprek lai di sdu nghién ctirtu mang nano siéu cirng
Ti-SixNy [12-14]. Céc loai mang nay c6 thé dat dén ngudng siéu cang (>40GPa),
tham chi, Veprek cong bé da ché tao cac mang c6 do cang xap xi 70 GPa [15]. Tuy
vay, d6 cing cac loai mang nay khdng on dinh & nhiét do cao, ang suat du 16n va hé
s ma sat cua cac loai mang nay kha lén.

- Mang c¢6 cau tric nano nhiéu Iép dugc thiét ké tir hai 16p siéu mong tro 1én



(khoang 5 — 10 nm) theo mét chu ky duoc xac lap [16, 17]. Bo cing cua cac loai
mang nay phu thudc rat 16n vao chiéu day caa mdi I6p trong mang nano nhiéu 16p
Hinh 1.1. Vi cac thiét bi phu cdng nghiép viéc dam bao chiéu day cua mdi 16p & cap
d6 vai nm hau nhu khong thé thuc hién duoc, vi vy, d6 cing va tinh chdng mai mon
ctia mang nano nhiéu 16p khdng 6n dinh. Van dé nay s& dugc khic phuc khi ap dung
cau hinh mang nano mét 16p — nanocomposite.

- Nanocomposite 1a mang c6 ciu triic gdm cac hat nano phan tan trong mot nén
chat v dinh hinh nao d6 (Hinh 1.2).

P00 0k

Hinh 1.1. Mang nano nhiéu 16p WC/C [18]  Hinh 1.2. Mang nanocomposite véi tinh
thé kim loai phén tan trong nén v dinh
hinh [19]
Cacbon giéng kim cuong (Diamond Like Carbon, thuong duoc viét tit 1a DLC
hoic a-C, hoic a-C:H (néu c6 chta hydro)) 1a vat liéu vo dinh hinh bao gém cac cau

trdc sp? (gidng kim cuong) va sp? (giéng graphite) [20, 21], Hinh 1.3.

(a) Graphite (lai hoa sp?) [22] (b) Kim cuong (lai hoa sp®) [23]
Hinh 1.3. Sy lai héa cta DLC 1a sp? (cu tréic giéng graphite) (a) va sp® (cAu tric kim
cuong) (b)



DLC lan dau tién duoc ché tao dudi dang mang mong béi Sol Aisenberg vao
nam 1971, thuat ngit DLC ciing bat dau duoc sir dung tir d6 [24]. DLC duoc biét dén
nhu 13 vat liéu c6 tinh chéng mon tét, ma sét thap [25 - 27] va c6 thé ché tao dudi
dang mang mong bing cac ky thuat phu vat Iy (PVD) hoic hda hoc (CVD) [28 - 31].
Bang 1.1 thong ké hé s ma sét cua cac loai mang DLC duoc phu bang cac phuong
khac nhau trong diéu kién khong boi tron [32]. C6 thé thiy rang hé s6 ma sét cua
mang DLC thay ddi theo diéu kién mai truong thir. O moéi truong thir 13 khdng khi co
d6 am 50% (mdi trudng 1am viéc cua da s6 cac chi tiét chiu ma sat) hé sé ma sét cua
mang DLC khi truot twong d6i véi thép < 0,2. Tuy c6 hé sé6 ma sat nho, mang DLC
thuan khiét van cé nhirng bat loi nhu @ng suat noi cao, dé v gion, tinh bén nhiét kém
gidéi han cac (ing dung cua cachon giéng kim cwong [33 - 37]. Viéc dua mot s6 kim
loai vao nén DLC dé tao nén mang nanocomposite s& van gitt duoc cac tinh chit uu
viét ciia DLC di duoc chirng minh, dong thoi, khac phuc nhitng nhuoc diém cua nd
[38 - 40]. Nanocomposite v&i nén DLC 14 vat liéu rat tiém nang cho cac @ng dung
chéng ma sat va mai mon cac chi tiét chuyén dong.

Bang 1.1 Hé s0 ma sat cia DLC véi cac moi truong thir va vat liéu thur khac nhau

Moi truong ma sat o ) o
PO DLC dugc phu khong c6 | DLC duoc phua co
(Truot twong doi vaéi bi thép - . . .
the dién trén de the dién trén de
440C)
Khong khi , d6 am 50% 0.19 0.17
N2 d6 am nho hon 2% 0.20 0.16
Chan khéng, 10 Pa 0.26 0.13

1.2. C4c phwong phap ché tao mang méng
1.2.1. Phu hoé hoc (CVD)

Phu hoa hoc str dung khi nhu 1a mot ngudn caa vat liéu can phu 1én chi tiét. Vi
du: mudn pha mét 16p DLC I1&n bé mat mot chi tiét ngudi ta sir dung ngudn cacbon
la khi hydro-cachon (nhu CHa, C2Ho, ...). C6 nhiéu ky thuat phu bang phuong phap
CVD nhu: CVD nhiét, CVD plasma (PECVD). Ky thuat CVD nhiét lai dugc phan ra

thanh cac k¥ thuat sau: phan tach nhiét, nhiét halogen, day téc nong, ngon hra CoH»-



O2. PECVD c¢6 thé dugc chia thanh ba nhém nho: CVD plasma st dung dong mot
chiéu (DC-PECVD), CVD plasma sir dung tan s radio (13,6 MHz) (RF — PECVD)
va vi séng PECVD. T6 hop cua hai trong sb nhitng ki thuat trén ciing c6 thé dugc sir
dung, vi du nhu day téc néng cong véi dong mot chiéu (DC), day toc néng cong voi

Vi song.

Khi vao

Nhiét

R
. |- Chi tiét
Day tde ndng
Khira
-
Nguém AC hoiac DC k_/

Hinh 1.4. Hé thong CVD day toc nong

Hinh 1.4 1a so &6 mot hé théng phu CVD dung day toc ndng dién hinh. Vat liu
lam day téc phai c6 nhiét ¢ ndng chay cao (thuong 1a W hozic Mo) vi day toc co thé
néng dén 2800°K. Khi sir dung trong hé théng nay 1a Hz2 va CHa. Khi CHq chinh 1a
ngudn cachon dé phu I1én chi tiét. N6 s& tao ra gbc cachon va hydro nguyén tir. Cac
thanh phan nay s& tham gia tao thanh mang DLC. Chi tiét can phu trong trudng hop
nay duoc tao mot thé dién &m. Hinh 1.5 thé hién mot hé thong PECVD — vi song.
Nhiét d6 cua chi tiét can phi phu thuc vao mat do nang lwong va vi tri cua plasma.
Hinh 1.6 thé hién hé théng PECVD, trong d6 dong plasma duoc tao thanh mot siing
tao plasma. Khi sir dung trong treong hop nay la Hz, CHas, Oz va Ar. Dong dién mot

chiéu duoc cung cap cho sting phun plasma trong khi hoat dong.
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Hinh 1.5. Hé thong PECVD — vi s6ng

Khi

/

Nguén
DC

Sung tao plasma - ,
| Chi tiét

|

R
Lam lanh Nucc

Hinh 1.6. Hé thong PECVD
Trong qué trinh CVD thi nhitng phan tir phan wng & dang khi, vi du nhu: CHq
va hydro dugc cip vao budng phan tng va phan g duoc kich hoat boi day téc néng
hay plasma [41].
H, - 2Ho
CHs + Ho— CH3 + H2

\Vong tron nho trong cdng thirc trén tugng trung cho mot dién tir khong dugc



ghép cap. Trén bé mit cuaa chi tiét can phu, ¢ nhitng qua trinh lién tuc xay ra nhu:
hap thu, khuéch tan, phan tng va phan tach cua rat nhiéu hat (nguy@n tar va ion) tao
nén cau trdc giong kim cuong (sp®) va giéng graphite (sp?). Mang nay c6 chira mot
lrong H nén nhitng mang duoc ché tao bang phuwong phap CVD duoc goi 1a DLC I3n
hydro (a-C:H).

Viéc nung néng chi tiét can pha cd mét vai tro rat quan trong cho su hinh thanh
va phét trién cua mang pha khi &p dung ky thuat CVD. Chinh vi vay, pham vi vat liéu
cua chi tiét can phu bi gidi han (khong thé ap dung cho céc chi tiét duoc 1am bang vat

liéu qué nhay cam véi nhiét).
1.2.2. Phu vat ly (PVD)

PVD la phuong phap phtu mang 1én chi tiét can phu bang viéc nguyén tir hoa
cac phan tir tir mot ngudn vat liéu (ran). PVD gom béc hoi PVD, phtin xa PVD.

e Béc hoi PVD: chum electron, dién tré, cam Gng dién va tia lira dién

- Nung néng dién trg 1a mot phuong phép tao ra su bay hoi ctia nguon vat lidu
bang dién tro. Vat liéu can dugc phu Ién chi tiét duoc dat trong mot dé git 1am bang
vat lidu rat bén nhiét. Phuong phap nay thuong dugc dung cho cac loai vat liéu co
diém nong chay thap.

- Tia Ira dién 1a phuong phap bay hoi nho tia Itra di¢n gitra hai dién cuc. Ky
thuat nay ¢ nhuoc diém 1a s& hinh thanh céc hat vat liéu c6 kich thudc 16n trén bé
mat can phi.

- K§ thuat bay hoi dung chum electron duoc 4p dung rong réi nhat trong sé céc
k¥ thuat bay hoi hién nay. Trong k¥ thuat nay, vat liéu pha bi bay hoi va bam 1én bé
mit chi tiét can pha trong moi truong chan khéng nhé nang lwong cua dong electron.
Dé thuan loi cho viéc bd tri, nguoi ta co thé dung tir truong (dé udn cong) dong
electron (Hinh 1.7). Dong electron dugc tao trong trudng hop nay co nang luong rat
I6n (trén 5000 eV).
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Hinh 1.7. K§ thuat phti bay hoi (nang luong bay hoi do chum electron)

« K§ thuat phiin xa PVD: phin xa bao gém nhiing loai sau: hai cuc, ba cuc, RF,
két hop tir truong (magnetron), va chim ion.

Nguyén ly cua ky thuat phan xa PVD: dung céc hat ion va hat trung hoa di¢n
ban pha bé mat mot vat rin 1am céc nguyén tor trén bé mat vat ran bi bt khoi bé mat
va phu 18n bé mit chi tiét can phu. Nang lwong caa cac nguyén tir pha 1én bé mat chi
tiét phu thudc vao ning lugng cua hat but né ra khoi bé mat vat ran.

- Ky thuat phun xa hai cyc:
So do nguyén Iy cua ky thuat phin xa hai cyc nhu Hinh 1.8

&— &)

d

———

Trudng electron = V/d

W

Dién tré

—

all

Ngudn cung cap

R

L

Hinh 1.8. K¥ thuat phun xa hai cuc
Plasma cd thé dugc hinh thanh khi dién thé va ap suat khi argon dat dén mot

gia tri nao d6. Nhiing electron dugc gia tdc tién vé phia dwong cuc va ion hoa cac
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nguyeén tir khi argon do va cham véi ching. Nhiing ion lai dwgc gia toc vé phia am
cuc tao ra cé4c electron thir cap tir &m cuc. Nhitng electron nay lai dugc gia téc vao
plasma va ion hoa nguyén tu khi. Trong hé théng plasma hai cuc, thi bé mat cia &m
cuc bi 16 do cac nguyén ti cua vat liéu trén bé mat am cuc bi bat khoi né. Vi vy, chi
tiét can phu c6 thé dugc bé tri trén bé mit duong cuc hoic 1a mot vi tri nao d6 trong
budng phu. Mot diéu can cha y 1a khi 4p dung dong dién mét chiéu cho plasma thi
cac dién cuc phai 1am bang vat liéu dan dién vi néu mot trong sé ching 1am bing vat
liéu cach dién thi dién cuc sé nhanh chong bi tich dién.
- K¥ thuat phun xa ba cuc:

Trong hé thong phin xa ba cuc thi mat ngudn tao electron (day toc nong duoc
thém vao). DAy toc s& tao ra mot sé luogng 16n electron khi bi dét nong dé dam bao
cho su ion hoa dién ra.

- Phin xa véi tan sé radio (RF-13,6 MHz) (Hinh 1.9):

RF cho phép giai quyét van dé vé su tich dién ddi véi dién cuc khong dan dién.

Khi 4p dung dong dién thay doi véi tan sé radio thi dién cuc s& khéng bi tich dién, vi

vay c6 thé phu cé4c loai vat liéu khdng dan dién (vi du: cacbon, ceramic) 1&n chi tiét

can phu.

5 1
I—— ;

Amcuic
I 13,6 MHz
o

L

Duong ciic —

Hinh 1.9. Phiin xa vdi tan s6 radio (RF-13,6 MHz2)

- Phiin xa két hop tir truong (phdn xa magnetron):
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Trong k¥ thuat nay, mét tir truong (do nam cham) duogc bd tri & ving &m cuc
nham thu hat cac dién tir vé phia am cuc. Hiéu qua phu ciia phuong phap niy sé& cao
hon rat nhiéu so véi cac phuong phap da néu trén. Magnetron c6 thé hoat dong Voi
dong mét chiéu va RF.

Hinh 1.10 cho thay mot am cuc bi X4i 16 trong hé théng phin xa magnetron.

Vung bi x0i 16 1a vung tap trung cac electron bi tir truong “gitr lai”.

Vung x6i mon (do

tap trung electron)

Hinh 1.10. Ving x6i mon ciia am cuc

1.3. Co ché hinh thanh va phat trién cia mang phii bang phwong phap phiin xa

CAac nguyén tir bi phiin xa dén bé mat dé tro thanh cac phan tir ¢6 lién két yéu.
Sau d6 nguyén tir khuéch tan vao 16p truéc hoic chuyén dong trén bé mat cia mang
tly thudc vao nang luong gia toc dén. Mot sé nguyén tir lai bi phan xa nguoc lai khoi
bé mat ctia mang dang hinh thanh do lién két yéu va bi oanh tac béi nhitng nguyén tir
dén tir bia. M6t s6 nguyén tir bi bay hoi khoi bé miat mang dang hinh thanh. Ciing s&
6 twong tac ctia nhirng nguyeén tir vai cac hat ton tai trong budng phu (cac ion, nguyén
tar Ar hoac ion nguyén tr, phén tir khi, nguyén tir bi phun xa). Nhitng va cham nay
dan dén viéc chuyén hudng, giam tc do chuyén dong, két hop, ion héa hoic thay doi
mtic nang lwong cia cac hat trong budng pha. Néu qua trinh phin xa ¢é phan ung thi
s& xay ra cac phan tng hda hoc trong budng phu. Vi du phin xa bia Ti trong moi
trrong plasma c6 su hién dién cua cac khi hydrocarbon sé cé phan wng ciaa Ti véi C

dé tao thanh TiC. Khi ning luong dén dé cua nguyén tir 16n thi cac té hop nguyén tu
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duoc hinh thanh va céc t6 hop ndy bén vitng hon nhitng nguyén tir don 1¢ vi ning
luong can thiét dé phun xa nguoc hodc bay hoi mot nguyén tir nhé hon rat nhiéu so
nang luong can thiét dé phun xa nguoc hoic bay hoi mot nhém nguyeén tir. Cac nhém
nguyeén tir trén bé mit mang sé phat trién Ion dan va tirng nhém nguyén tir nhap vao
nhau tao thanh céc tinh thé vat liéu don 1¢ tiép tuc phat trién va té hop véi nhau dé
tao thanh céc hat tinh thé. Céc hat s& phat trién 16n dan cho dén khi ving bién giéi
giita cac hat can can su phat trién cua hat tinh thé. Vi vay, cdu trdc té vi cia mang
phu thudc rat nhiéu vao nang lugng cia cac nguyén tir hodc ion bay dén mang, phu
thudc vao niang lwong cac nguyén tir vira ling dong trén bé mat mang, tac 1a phu
thudc vao nhiét do cua dé, toc do phu (sb lugng nguyén tir hodc ion dén dé trong mot
don vi thoi gian), 4p suat buong phi (4p suat cang 16n thi ning luong cac hat dén dé
cang nho do va cham va nguoc lai), ning luwong cua bia, thé dién am trén dé. Néu
mang phat trién ¢ nhiét 6 dé thap hoic khdng c6 sy oanh tac ciia cac ion thi mang
s& kém sit chat (mat d6 mang sé& thap). Luc nay khi quan sat duéi kinh hién vi dién tu
s& thay mang c6 cau tric dang cot vi khi cac hat di chuyén trén bé mat mang rét it va
c4c t6 hop hinh cot s& duoc 16n dan tir nhan dau tién. Céc cot gom rat nhiéu td hop
tinh thé hoac vo dinh hinh ddng tryc. O cac mirc ning lwong cao hon khi mang dang
phét trién cac to hop ton tai sit chat hon. Su phat trién bé mat mang khi phu bang
phuong phap PVD dudi sy oanh tac cia ion da dugc Thornton mo ta nhu .

M6 hinh mé ta anh huong caa nhiét d6 dé va ap suat buong phi dén cau tric té
Vi cia mang phu bang phuong phap PVD duoc chia 1am 4 viing. Vung 1 ¢6 cau triic
cot gy véi rat nhiéu khoang trong (mang bi x6p). Cau triic nay xuat hién khi khong
c6 sy khuéch tan cua cac nguyén tr ¢én bé mat mang. Ving T gom cac té hgp min
c6 dang soi va khong cé khoang tréng ¢ giita, dy c6 thé xem ving chuyén tiép gitra
viing 1 va ving 2. Trong ving 2 mang phat trién khi ¢ sy khuéch tan gitra cac hat
nguyen tir trén bé mat dan dén viéc phat trién cac to hop hat hinh cot vai cac bién gigi

hat sit chat (khdng c6 chd tréng). Ving 3 ¢6 cau tric 1a cac hat tinh thé dong tryc.
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CAu trac hat tinh

X , A ~ 78 TS
Cau truc cot gay PrNCN: thé dong truc

1.0
0.9
~ 08
0.7
0.4 ,
i , 20 0.3 Nhiét d6 twong doi
Ap suat khi tro :
10 0.1 (T/Tm)
(mbar)
Hinh 1.11. M6 hinh cac viing phét trién ciia mang bi oanh tac boi ion khi phii bang phuong
phép PVD [42]

1.4. Ung suat dw ciia mang méng

Mang méng du duoc phu bang phuong phéap vat ly hay hoa hoc déu 1a két qua
cua sy oanh tac cua cac nguyén tir 1én dé, cho nén viéc xuat hién wng suat du 1a diéu
khong tranh khoi, dic biét dbi vai mang phi bang phuong phap vat Iy. Ung suat du
dong vai trd quan trong trong tinh bam dinh va tinh chéng mai mon caa mang. Ung
suat du gdbm c6 3 phan: tng suat nhiét, (rng suat phat sinh khi mang phat trién va ang
suat phat sinh sau khi mang da phu 1én dé [43, 44]. Ung suat nhiét hinh thanh do sy
khac biét vé hé sb gidn nd nhiét gitra dé va mang. Vai cac loai mang ceramic hoic
cacbon, hé s gidn ng cua mang rat bé so voi hé sé gian no cua dé kim loai. Vi vay,
g suat nhiét dwong nhién sé& ton tai do sy gia ting nhiét d6 trong qua trinh phu. Ung

suat phat sinh khi mang phat trién hinh thanh tir sy thay ddi tinh sit chat trong cac phan
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tir cia mang khi mang dang phat trién dudi su oanh tac caa ion va nguyén tir. Nhirng
hat ion hodc nguyén tir c6 nang lwong cang cao dan dén tng suat hinh thanh khi mang
phat trién cang Ion. Néu khong cd mét co ché dé giai toa cac tng suat nay trong qua
trinh mang phat trién (cac co ché giai phong wng suat xay ra néu cé su thay doi cau tric
té vi cuia mang trong qué trinh phat trién, vi du nhu su graphite hda caa mang cacbon
dan dén viéc hinh thanh nhiéu nhdm graphite trong mang) thi tng nhiét s& rat I6n. Ung
suat sau khi phii hinh thanh bai cac yéu té tac dong 1én mang sau khi mang da pha
xong, (g suat sau khi phu c6 thé 1a do anh huong ciia méi truong xung quanh. Vi du,
mang hap thu ham lugng 4m, tap chit trong méi trudng. Loai tng suat nay thuong thay
& cac mang c6 hoat tinh hoa hoc cao hoac mang xop va rat it gap déi vai mang ceramic.
M6 hinh ion oanh tac [45] m6 ta mét cach day da hién twong hinh thanh tng suat khi
phét trién mang khi mang duoc phu dudi sy oanh tac cua cac hat ¢ ning luong. Theo
mo hinh ndy mang phu boi cac hat khong c6 ning luong (ma chi lang dong) trén bé
mat can pha thi chi chiu tng suat kéo (vi du cac mang duoc tao tir c4c hat ma c6 ning
lwong twong tng vai nhiét ¢6 phu E=2/3 kT, k 1a hang s, T 1a nhiét d6) thong thudng
nang luong ndy rat thap, thip hon 0,04 eV. Cac mang dugc phu do su oanh tac cua céc
hat c6 nang luogng cao chiu ng suat nén (c4c hat c6 ning lwong nay 1a ion hoic nguyén

tir thudng c6 nang luong rat I6n hang chuc, hang tram eV).
1.5. Cac két qua dat dwoc tir cac cong trinh di cong bd

- i c6 duoc birc tranh tong quat vé cac loai mang mong, trong dé co thé ké dén
c4c loai nhu: Mang ceramic da tinh thé MeC, MeN, MeCxNy; mang hop kim nano
tinh thé cd cau trdc phu thudc vao ham lugng va loai nguyén t thém vao nguyén té
chinh; mang cé cau tric nano nhiéu 16p dugc thiét ké tir hai 16p siéu mong tro 1én;
mang nanocomposite.

- Mot s6 phuong phéap ché tao mang mong theo céac ky thuat khac nhau, nhu:
phua hoa hoc, phu vat ly.

- Mot sb két qua nghién ciru thyc nghiém xéac dinh cau trc mang bang nhiéu xa
tia X, kinh hién vi dién tir truyén qua (TEM), x4c dinh hé s ma sat caa mang bang

mo hinh bi truot mang véi van toc khong d6i; xac dinh d6 ctirng cua mang bang thiét
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bi nanoindenter XP.
1.6. Cac van dé can dwoc tiép tuc nghién ciu

- Nghién ciu ché tao cac loai mang mong cé tinh bam dinh tét, do bén cao,
chéng mon cao va ma sét thap.

- Nghién ctru thuc nghiém xéac dinh thanh phan, ciu trc, bé mat, ang xu co hoc
cua cac loai mang mong.

- Nghién ctru phuong phap tinh toan, mé phong lua chon cac théng sé hop
ly, toi wu ddi vai cac loai mang mong chiu tai boi dau ddm nano tng dung trong

thuc tién.
1.7. Két luan rat ra tir tdng quan

Mang méng c6 ciu tric nano cho do cimg cao nhung hé s6 ma sét lén (>0,3).
Cac mang nanocomposite véi cac hat nano phan tan trong nén vo dinh hinh cho
phép nang cao d6 ctrng va tinh chéng v gion cia mang. DLC 14 vat liéu tiém ning
cho tng dung giam ma sat vi su chuyén hoa sp® — sp? trong qua trinh chiu tai gidp
hinh thanh mot 16p boi tron ran giau graphite. Viéc dua céc tinh thé nano cua mot
pha cirng vao nén DLC cho phép ché tao loai mang nanocomposite ¢6 nén DLC
Vvéi céc tinh chat 1y tuéng cho ang dung chdng mai mon va giam ma sat. Cac mang
mong loai ndy c6 thé duoc ché tao bang phuong phap PVD hoic CVD. Tuy nhién,
su két hop hai phuong phap trén chua dwoc nghién ciu chi tiét va co hé théng.
Viéc khao sat mang nanocomposite ¢6 nén DLC duoc phu bang phuong phap két
hop gitra PVD va CVD cho phép tan dung téi da cac vu diém cua timg phuong

phap trong thuc té ché tao mang.
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Chuwong 2.
CHE TAO MANG MONG CO NEN CACBON GIONG
KIM CUONG BANG PHUONG PHAP PHUN XA
MAGNETRON KET HQOP HOA HQC

2.1. M ta hé théng phan xa magnetron

Trong nghién ctu ndy, cac mang nanocomposite ¢6 nén DLC va mang DLC
thuan khiét dugc ché tao bang hé théng E303A phin xa magnetron (Penta Vacuum,
Hinh 2.1).

Hinh 2.1. Hé théng E303A phln xa magnetron

Hé théng duogc lap dat véi hai loai ngudn cung cap ning luong RF 1200W va

DC 1000W. So do nguyén Iy cia hé théng duogc thé hién trén Hinh 2.2. Magnetron
duoc bé tri bdn am cuc, ba &m cuc 6 thé hoat dong cung mot luot khi thuc hién qué
trinh phit mang. Chan khong trong budng phu duoc duy tri boi mot bom co khi hai

tang, luu lwong 12 m3/gio va mot bom siéu chan khong cryogen luu lwong 800
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lit/giay. Buong phu ddu tién duoc tao chan khong so bo nhd bom co khi (bom nay c6
duong thong truc tiép vao budng va mot duong thong qua bom siéu chan khong).
Bom siéu chan khong s& ty dong hoat dong khi 4p suat trong budng phii duge bom
co khi dua xubng dén mot gia tri nao d6. Chan khong trong budng phu c6 thé dat dén
1.33x107° Pa (107 torr). Ap suat trong qué trinh phii dugc theo ddi qua dong hd chi
thi (kiéu dung khang) voi d6 chinh xac cao. Cac cam bién dam bao duy tri 4p suit

trong qua trinh phu 14 hing sb théng qua viéc dong mé mot van buém.

1

6 YA 4
/’:’I_

L O

1- buong khi vao (Ar) 4- Bom co khi
2- Bia vat liéu phu 5- Van buém
3- Bom siéu chan khong 6- Dia d& vat can pha

Hinh 2.2. So d6 nguyén 1y cta hé thong E303A
Bé gitr vat can phu (d€) cd thé quay duoc, c6 thé dugc ndi dat hodc co mot thé
dién nao d6 (DC hodc RF). Dién tro nhiét dugc bd tri dudi bé d& vat can phu cho

phép nung néng vat can phu 1én dén 600°C.
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Hé thdng nap vat can pha vao budng chan khong duoc trang bi mot canh tay
robot va diéu khién bang PLC. Pé phu cac mang DLC, thi nhiing dia graphite
(99.99% tinh khiét) duoc gan vao &m cuc. Dé phu composite thi cic dia graphite va
kim loai Ti (99.95% tinh khiét) dwoc gan vao nhitng &m cuc khéc nhau. Kich thudc
clia cac dia graphite va kim loai gan vao am cuyc 13 nhu nhau (dwong kinh 100 mm,
bé day 5,5 mm), cac &m cuc duoc bd tri phia trén gia d& vat can pha va cach gia d&
100 mm. Trudc khi phu thi budng phi duge bom dén do chan khdng cao (&p suat
1,33x10°° Pa). Khi Ar duoc dua vao budng phu dé tao plasma. Luu luong Ar dua vao
la 50 cm3/phut (diéu kién chuan). Trong cac lan phu c6 dung khi CoHz thi luu luong
C2Hz dua vao 1a 10 cm®/phit va luu luong Ar la 40 cm3/phit.

Céac mang duoc phi 1én cac tim Si [100] (dudng kinh 100 mm, bé day 450 pm,
d6 nham bé mit Rs=2 nm) va cac dia thép 440C (duong kinh 55 mm, bé day 5,5 mm,
dugc danh bong dén R=60 nm). Trudc khi dua vao budng, cac miéng Si va thép dugc
lam sach bang siéu am trong dung dich acetone, sau d9 tiép tuc duoc lam sach trong
ethanol trong vong 15 phut. Sau khi duoc dwa vao budng phi, chung duoc nung néng
dén 150°C trong vong 30 phat dé dam bao thai hét khi bi hap thu trén bé mat dé.
Truéc khi phi, cac dé duoc 1am sach bang plasma trong 15 phut dé dam bao khéng

con tap chat (oxide) trén bé mat dé.
2.2. Mang méng cacbon giéng kim cwong

Hé s phan xa (s6 nguyén ti bi phin xa khoi bia trén s6 ion Ar* oanh tac bia)
cua cacbon rat thap [46], vi vay, toc do phi mang DLC bang phin xa magnetron thap.
Pong thoi, viéc tao ra cac mang composite voi nén DLC khi cling phin xa bia graphite
va kim loai 1a kha khé khin do cong suat dat trén bia kim loai phai duoc dat ¢ gia tri
rat nho. Mot s6 tac gia da tron cac nguyén té khac vao bia graphite dé ting hé s6 phan
Xa ciia cacbon [47], tuy nhién, mang DLC c6 dugc sau khi phi sé bi 1an c4c chat dua
vao. Trong nghién ctru ndy, dé tang toc do phu (ty s gitta d6 day mang phu va thoi
gian phu), khi C2Hz dugc dua vao budng pha. Viéc dua C2H2 vao budng phi 1am ting
tbc do phu mot cach dang ké nho 6 su két hop ca hai qua trinh phu vat Iy (phan xa)

va hda hoc dién ra trén dé. Viéc xac dinh do day mang (nham xac dinh téc d6 phu)
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dugc thuc hién bing cach tao mot vét muc trén miu trude khi dua vao budng phu.
Sau khi phu xong, mau duoc 1am sach bang thiét bi siéu &m trong dung dich acetone
nham loai b hoan toan vét muc. Sau d6, mau dugc dua vao may quét profile dé xac
dinh budc nhay (gitra viing khdng td myc va c6 t6 muc). Budc nhay chinh 1a chiéu
day cua mang. Hinh 2.3 thé hién téc do phu ciia mang DLC & cé4c &p suat phu tir 0,2
dén 2,0 Pa khi c6 va khdng c6 C2Ho. Thé dién trén dé duoc dat khong doi 12 -20 V &
ché do RF.

— T T T T T T 17
6.0 {Mat do nang lwong: 10.5 W/cn

5.5 4Thé dién trén dé: -20 V
50
45
4.0-
354
3.0-
25-
20- -
151 .

—=—Phuvatlycokhi CH | 7

—e— Phu vat Iy thuan tay .

Toc do phu (Angstrome/s)

0.0 | 0!2 | 0i4 | 0i6 | 0!8 | 110 | 1i2 | li4 | 1!6 | 1i8 | 2i0 | 2.2
Ap suat (Pa)
Hinh 2.3. Téc d6 phu ciia mang DLC & cac ap suat phu tir 0,2 dén 2,0 Pa khi ¢6 va khong
co CoH>

C6 thé thay khi phu mang DLC khong c6 CoH2 thi toc do phu I6n nhat dat
khoang 3,2 A%s khi ap suat budng phi ¢ khoang 0,8 Pa. Néu tiép tuc ting ap suat
trong budng phu thi téc d6 phu c6 xu hudng giam do ¢6 nhiéu va cham gitra cac ion
va nguyeén tir cacbon trén dudng tir bia dén dé 1am ching bi chuyén huéng va khong
dén duoc dé. Khi dua khi C2H2 vao budng phu thi téc do pha mang DLC ting rat
manh. Dic biét, khi 4p suat buong phu tang tir 0,2 dén 1,2 Pa, toc do phu ting manh
tir 2,5 dén 5,6 A%s. Sau d6, viéc ting ap sudt budng phu khéng anh huang nhiéu dén

téc d6 phu. Tdc d6 phu dwoc duy tri & khoang 5,5 - 6 A%s khi 4p suat pha ting tir 1,2
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dén 2 Pa. C6 thé thay rang, viéc dua C2H2vao budng phu 1am tang tdc do phi 18n gan
gap 2 lan. Viéc gia tang tdc d6 phu nang cao kha ning ng dung trong céng nghiép
ctia mang DLC vi thoi gian phit mang dén do day can thiét giam dang ké.

Ngoai &p suat, tbc d6 phi mang ciing bi anh huong bai thé dién am trén dé. Doi
véi cac loai mang phi kim loai pha bang phin xa thi thé dién 4m RF dugc dat trén dé
nham muc dich ting d6 sit chat cua mang. Hinh 2.4 thé hién su phu thudc caa tée do

phi vao thé dién trén dé tai &p suat phu 0,8 Pa (c6 sur dung khi C2H>).

2.8 1

Toc d6 phu (Angstrome/s)

1 Ap suit budng phi: 0.8 Pa

2.4+ Mat do nang lwong: 10.5 W/em’ +
2.2 1

20 I ! I ! I ! I ! I
20 40 60 80 100

Thé dién trén dé (V) [-]

150 1£|10
Hinh 2.4. Anh hudng cua thé dién am trén dé dén toc d6 phu mang DLC

Khi ting thé dién am trén dé, van toc cac ion duoc phun xa tir bia tang do luc
hut tinh dién, vi vay, cac ion nay s& va cham vao dé véi van téc 16n hon (so véi khi
khong dit thé dién am hoic & céc thé dién am nho). Hién twong phdn xa nguoc (hién
tugng C4c nguyén tir cia mang vira hinh thanh bi phin xa tra lai budng phi) ting dan
khi thé dién am trén dé ting lam giam toc do pha cia mang. Hién tuong phin xa
nguoc & cac thé dién cao trén dé da duoc nghién ciru va mo ta trong cac nghién ciu
trude day [48, 49].

O céc thé dién trén dé 1on (I6n hon 150 V), ngoai bat lgi vé téc do phu thap,

mang con dé bj bong tréc do tng suét du 1on. Hinh 2.5 cho thay hinh anh mang DLC
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Hinh 2.5. Mang DLC phu dudi thé dién -150V trén dé thép 440C (Ra= 60 nm) bj troc sau
khi dua ra khoi budng phii (quan sat dudi kinh hién vi quang hoc)

A

! - 13 : ' J. x“ .4.'.: x ..‘ -2 .
A0 0% 7R B A
il by 2
. SRDT
AccV SpotMagn Det WD 1 10um \ AccV SpotMagn Det WD 1 2m
300kv 80 2600x TLD 2.8 GraphitiC 300KV 30 9947x TLD 2.9 GraphitiC

Hinh 2.6. (a) Mat cit ngang ctia dudng tréc mang DLC phii ¢ thé dién -150V trén dé thép,

(b) phong dai vi tri bién ctiia duong tréc
Qua trinh pha hity mang do tng suat noi dién ra tir tir sau khi dua mang ra khoi
budng phu. Mang bi pha huy, thuc chat 12 do su “giai téa” ung suat noi trong qua
trinh mang bi ngudi dan. Cac dudng tréc hinh séng (hinh sin) xuat hién va lan truyén
dan theo cac hudng. Trén kinh hién vi quang hoc c6 thé quan sat duoc hinh anh cac
duong tréc phat sinh va “chay” theo cac huéng khac nhau. Sé luong cac duong troc
phat sinh va “chay” trong toan bd mang phu trén tim Si ngay cang ting. Cac duong

tréc cit nhau gay ra hién twong v& mang tai cac vi tri d6. Theo thoi gian, toan bo
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mang bi pha hay hoan toan do @ng suit ma khong cd tai tac dong. Dang hinh sin cua
cac dudng troc c6 thé dugce giai thich thdng qua Iy thuyét tim bi troc va da dugc mo
ta chi tiét trong nghién ctu [50]. Hinh 2.6 thé hién mit cat ngang cua mot duong troc
duoc quan sat trén kinh hién vi dién te SEM (JEOL - JSM 5600 LV), cho thiy mang
bi dut v& tai hai bién cua duong tréc. Hinh anh hu hong cia mang cho thiay mang
chiu tng suat nén va sy chénh léch vé hé sé gian no gitta DLC va thép dong vai tro

quan trong gay ra su bong tré6c mang.
2.3. Ché tao mang méng c6 nén DLC

Mang mong c¢6 nén DLC dugc ché tao bang phuong phap phan xa magnetron 2
bia cacbon va Ti cling lic trong plasma Ar (40 cm®/phat) c6 khi C2H2 (10 cm3/pht).
Viéc dua C2H2 vao budng phii cho phép ting tc d6 phu ciia mang nhu da trinh bay
& muc trén. Ap suat budng phu duoc duy tri khéng doi ¢ gi tri 0,8 Pa trong suét qué
trinh phit mang. Mat d6 ning luong trén bia cacbon duoc gitr khong doi 1a 10,5 W/cm?
con mat d6 ning luong trén bia Ti duoc diéu chinh nham tao mang véi céc ciu tric
té vi va tinh chat khac nhau. Thé di¢n Am RF dit trén dé duge dit nhd hon 150V dé
c6 duogc tée do phu cao va ung suat ndi cia mang khong qua Ion (mang khong bi
bong tréc sau khi pht). Tuy nhién, néu thé dién qua thap thi tinh sit chit va do cting
ciia mang thap do cac tinh thé TiC khdng thé hinh thanh. Ching toi di thiét ké thi
nghiém theo phuong phap Taguchi [51, 52], tién hanh nhiéu thi nghiém ¢ cac ché do
khac nhau va thay rang néu khdng gia nhiét dé nung nong dé trong suét qua trinh phu,
c4c tinh thé TiC chi c6 thé hinh thanh & cac thé dién 16n hon 80V. Vi vay, thé dién
120V duoc lya chon khi ché tao mang nanocomposite. Pidu dic biét 1a néu gitr ap
suit phu mang, mat do ning luong trén cac bia, ty 1& Ar/CaH, khong d6i thi viéc thay
d6i thé dién trén dé khong lam thay d6i thanh phan phan trim cac nguyén td co trong

mang.
2.3.1. Thanh phan cia mang

Thanh phan mang dugc xic dinh bang thiét bi XPS (X-ray Photoelectron
Spectroscopy) véi Kratos-Axis spectrometer, nguon tia X Al Ka (1486,71 eV, 15
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kV/10 mA). D6 chan khéng trong budng thiét bi khi tién hanh do 1a 2,66 x 107 Pa.
Phé duogc thuc hién trong khoang ning luong 0-1100 eV véi budc nhay 1a 1 eV, sau
d6 phd co6 dd min cao (budc 0,1 eV) dwoc thuc hién tai cac dinh cia cac nguyén té
d3 do duoc, tir d6 thanh phan cua tirng nguyén tb co trong mang duoc xac dinh. Sau
khi dwa mau ra khoi thiét bi phu thi mot lwgng 16n cac tap chét tir khdng khi ling
dong trén bé mit mang. Vi vay, cac mau duoc 1am sach bé mat biang dong ion Ar (ion
etching) cua thiét bi Kratos Macrobeam hoat dong ¢ ning luong 4 KeV (d6 chan
khong dat dén 1,33 x 105 Pa. Po nghiéng cua sting ion 1a 45° so véi bé mat mau. Thoi
gian 1am sach cho m&i mau 1a 15 phat. Ham luong oxy tap chét 1an trong mang (thap
hon 2 at.%) trong qua trinh phu mang dugc bo qua khi tinh toan. Cac dinh C 1s va Ti
2p3i2 cho phép phan biét cac pha ton tai trong mang: C, TiC va Ti. Vi tri C 1s thé hién
lien két C-C trong cacbon vé dinh hinh (tai 284,6 eV) va C-Ti trong TiC (tai 281,8
eV). binh Ti 2ps2 cua Ti trong TiC tai vi tri 454,9 eV va cua Ti tai vi tri 453,8 eV
[53]. Bang 2.1 thé hién thanh phan cua mang phu thudc vao mat dé niang luong trén
bia Ti.

Béng 2.1. Ham luong at.% ctia Ti va C trong mang thay doi theo mat d6 ning luong trén

bia Ti
Mat do ning luong trén bia Ti (W/cm?) Ti (at.%) C (at.%)
0 0 100
1 5 95
2 18 82
3 32 68
4 47 53

Ph6 XPS ciia mang nanocomposite ¢6 nén cacbon giéng kim cuong dugc thé
hién trén Hinh 2.7 va Hinh 2.8.
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Ti (at.%)
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18

Cuong do (arb. units)

32

47

280 282 284 286 288 290

Ning luong lién két (eV)
Hinh 2.7. Pho XPS C 1s ctia mang Ti-DLC & cac ham luong Ti khac nhau

Ti 2p,, Ti 2p,,
Ti TiC Ti TiC ;
o T T T T T T ; T T1 (at%)
5
18

Cuong do (arb. units)

452 454 456 458 460 462 464
Nang luong lién két (eV)

Hinh 2.8. Ph6 XPS Ti 2p clia mang Ti-DLC ¢ cac ham luong Ti khac nhau
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Tir Hinh 2.7 va Hinh 2.8, ¢6 thé thiy rang ¢ ham lugng Ti 5 at.%, chua c6 lién
két Ti-C, hay noi cach khac 1a chwa c6 TiC trong mang, IGc nay Ti ton tai trong mang
nhu mét pha doc 1ap. Tir ham luong Ti 18 at%, tra 1én, toan bo Ti da lién két voi C
dé hinh thanh TiC va khong c6 Ti doc 1ap trong mang. O 32 at% Ti, TiC cung ton tai
Vv6i a-C:H nhung khi ham luong Ti dat dén 47 at.%, gan nhu khong con ¢ su ton tai
cua a-C:H ma toan bo C di lién két vé6i Ti dé tao thanh TiC. Ldc nay, mang cé thé

duoc xem la mang TiC.
2.3.2. Cau trlic cuia mang

Dé xac dinh su ton tai cua tinh thé TiC trong mang, phd nhiéu xa tia X véi goc
t6i nho (GIXRD) dugc thuc hién trén may Philips PW-1710 40 kV/30 mA vai ngudn
tia X CuK, (A=0,15406 nm). Kich thudc tinh thé duoc udc luong baoi cong thuc
Debye-Scherrer [54]:

KA

D=— "
Bcos(6) [nm] (2.1)

trong d6 D 1a kich thuéc trung binh cua tinh thé, K= 0,91 1a hang s6, A 1a budc séng
tia X, B ban d6 rong chiéu cao cua dinh tin hiéu nhidu xa, 0 12 goc nhiéu xa Bragg.
Hinh 2.9 thé hién phd nhidu xa tia X (XRD) cua cac mang DLC c6 chta Ti,
mang nanocomposite va mang TiC. Vi tri cac dinh twong ¢tng véi tinh thé TiC [111],
TiC [200] va TiC [220] Ian luot 13 35,9, 41,7, va 60,4 ° 20 [55], vi tri dinh ang véi Si
[100] (vat liéu cua dé) 12 69,8° 20. O ham lugng Ti 5 at.%, chi duy nhat dinh Si[100]
ton tai, nghia la khong cé tinh thé TiC trong mang. O ham luong 18 at.%Ti, ngoai
dinh Si[100], cac dinh tuong tng véi TiC [111] va TiC [200] xuét hién, diéu nay
chang minh su ton tai caa cac tinh thé TiC trong mang. O cac ham lwong 32 va 47
at.%Ti, ngoai cac dinh caa TiC [111] va TiC [200], dinh tuong tng véi TiC [220]

cling c¢6 thé quan sat duoc.
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Hinh 2.9. Pho nhiéu xa tia X ctia mang & cac ham luong Ti khac nhau

Tir cong thirc Debye-Scherrer, kich thudc cac hat tinh thé trong mang vai 18 va
32 at.%Ti trong khoang 2 - 6 nm con véi mang 47 at.%Ti 1a 4 - 16 nm. Két hop Véi
két qua tir phd XPS, 6 thé thay rang & 5 at.%Ti, mang 1a vo dinh hinh véi cac nguyén
tr Ti phan tan trong a-C:H. O 18 va 32 at.%Ti, mang c6 ciu trlc cac hat tinh thé nano
TiC véi cac hudng khéc nhau phan tan trong nén vo dinh hinh a-C:H. Pay 1a cau trdc
nanocomposite da duoc chirg minh cé cac dac tinh co hoc vuot tri so véi vat liéu
thong thudng [56]. O ham luong 47 at.%Ti, mang co cau tric da tinh thé TiC véi kich
thudce tinh thé kha 16n.

Hinh 2.10 thé hién ctia miu mang 18 at.%Ti duoc quan sat biang kinh hién vi
dién tir truyén qua TEM véi do phan giai cao (JEOL 4000 EX/II, hoat dong & 400
kV) di xac nhan bang hinh anh c4u tric nanocomposite cua mang nhu da phan tich

tir phd XPS va XRD.
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Hinh 2.10. CAu triic nanocomposite cia mang 18at.%Ti (& cac d6 phong dai khac nhau)
cho thay cac tinh thé nano TiC phan tin trong nén vo dinh hinh DLC (a-C:H)

2.3.3. Hinh anh bé mat caa mang

Bé mat caa mang pha I1én cac miéng Si [100] (Ra = 2 nm) duoc quan sat bai
kinh hién vi lyc nguyén tir AFM (Shimadzu-9500 J2) thé hién trén Hinh 2.11. C6 thé
dé dang nhan thiy khi ham luwong Ti cang nhiéu thi bé mat cua mang cang nham hon
(Ra tdng). V&i mang DLC, d6 nham do dugc 1a 2,7 nm. O ham luong 5at.% Ti, chua
c6 cac tinh thé nano TiC, mang van 1a vo dinh hinh, chwa c6 nhiéu cc cum nguyén
tir tao nén sy 15i 16m trén bé mat mang, vi vdy, do nham chi ting nhe, Ra = 3,1 nm.
Khi ham lwong Ti dat tir 18 at.% trd 1én, trong mang ¢ céc tinh thé nano TiC, bé mit
ciia mang bat dau xuét hién cac dinh nhon, nd khéng con min va tro nén “thd” hon,
d6 nham tang 1én 14 rét. PBac biét, khi khéng con a-C:H vo6 dinh hinh (6 47 at.%Ti),
cac dinh nham xuat hién trén toan bd bé mit mang va dé nham tiang dén gia tri rat Ion
(Ra = 10,6 nm). Hién tuong ting d6 nhdm cua mang khi tang ham lwong Ti do 2
nguyén nhan: su hinh thanh cac tinh thé trong mang va viéc giam ning luong toi dé
ctia cac nguyén tir (ion) do ting va cham gitra cac nguyén tir (ion) trén duong t6i dé
(c6 nhiéu Ti phin xa tir bia do ting mat do ning luong trén bia Ti). Viéc giam ning
lwong cua cac nguyén tir (ion) khi dén dé dan dén hinh thanh cac dam nguyén tir trén
bé mat mang (do cac nguyén tir (ion) dén dé khong du niang lwong dé xuyén vao 16p

trong ctia mang dang hinh thanh)) lam tang d6 nham da dugc mo ta trong [57].
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£ = e
(T,

>
e

d. R==6,3nm

(@) 0 at.%Ti, (mang DLC)

(b) 5 at.%Ti, (mang DLC chua nguyén
tor Ti)

(c) 18 at.%Ti, (mang TiC/a-C:H)

(d) 32 at.%Ti, (mang TiC/a-C:H)

(e) 47 at.%Ti, (Mang TiC)

e. Ra= 10,6 nm
Hinh 2.11 Bé mit ctia cic mang c6 duoc tir kinh hién vi lyc nguyén tir (AFM)

2.4. Két luan chwong 2

- Két hop phin xa va pha hoéa hoc 1a phuong phap hiéu qua dé ché tao mang
DLC thuan khiét va mang nanocomposite ¢6 nén DLC. Pay la phuong phap don gian,

c6 tde do phu mang Ion, hiéu qua trong ap dung & quy md cong nghiép.
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- O céc thé dién am trén dé 16n hon 150V (RF), mang bi troc do tng suét noi
l6m, @ong thoi tbe do phu giam nhiéu do hién trong phin xa nguoc, Vi vay, thé dién
trén thé nén chon nho hon 150 V khi phi mang. Tuy nhién, dé ché tao mang
nanocomposite (cé c4c tinh thé nano trong mang) thi thé dién 4m trén dé phai I6n hon
80V.

- Cau trdc té vi cua mang c6 thé d& dang diéu chinh theo ham lwong Ti (théng
qua viéc tang hoac giam mat do nang luong trén bia Ti khi cung phun xa vai cacbon):
dudi 5 at.%Ti, mang van la vo dinh hinh; trong khoang 18-32 at.%Ti, mang c6 cau
triic nanocomposite véi cac hat nano TiC phan tan trong nén vo dinh hinh DLC; &
ham luong 47 at.%Ti hoic 16n hon, mang xem nhu chi ¢ céc tinh thé TiC.

- Mang nanocomposite ¢6 do nhdm bé mat trong khoang 5-6 nm (phu trén cac
tam Si). Do nham bé mat thap 13 wu thé 16n cho loai mang nay trong céac tng dung Ky

thuat, trong d6 ¢6 cac tng dung giam ma sat va chéng mon.
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Chuong 3.
CAC TINH CHAT CO HQC VA MA SAT CUA MANG

MONG CO NEN CACBON GIONG KIM CUONG PHU
BANG PHUONG PHAP PHUN XA MAGNETRON
KET HOP HOA HQC

3.1. Ung suat du va tinh bam dinh

Ung suat du cia mang duoc xac dinh thong qua viéc thay doi ban kinh cong cua
tam Si [100] c6 dudng kinh 100 mm trude va sau khi duoc phi mang. Su thay doi
ban kinh cong cua tim Si dugc xac dinh bang may quét bé mat laser Tencor. Ung
suit du trong mang sau khi phit dugc xac dinh tir céng thtc [58]:

E t(1 1
0= —6(1_05) E[R—Z—R—J [GPa] (3.1)
trong d6 Es/(1-vs) =180,5 GPa d6i véi Si [100]), ts va tc 1a chiéu day cua tam Si va
cua mang, R:va Rz 1a ban kinh cong cua Si trudc va sau khi phu mang.

Hinh 3.1 thé hién ng suét du ciia mang & cac ham luong at.%Ti khac nhau. Vi
mang DLC, ung suat du 1a 2,1 GPa. O 5 at.%Ti, tng suat du giam con 0,7 GPa. Viéc
giam tng suat du lién quan truc tiép dén viéc giam niang luong dén dé cua cac nguyén
tir (ion) do c6 nhiéu va cham khi Ti dugc ciing phin xa (ty 1& sp trong mang vi thé
cling giam), dong thoi, Ti ton tai trong mang ¢ trang thai vo dinh hinh, chua c6 cac
tinh thé TiC nén ng suat noi trong mang dé duoc giai téa. Khi ham lwong Ti 12 18
at.%, c4c tinh thé TiC hinh thanh, day 1a mot pha ciing, wng suat du kho duoc giai toa
hon nén gia tri tng suat du do duoc 1a 1,0 GPa, 16n hon mét chit so véi mang 5
at.%Ti. Khi ham luong Ti ting 1én dén 32 at.% va 47 at.% ung suat du ting twong
ng dén 2,4 GPa va 3,7 GPa. C6 thé thiy riang khi di dat ngudng dé hinh thanh céc

tinh thé nano TiC thi viéc tiép tuc ting ham luong Ti (ting mat d6 nang lugng trén
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bia Ti) s& lam ting ¢ng suat du trong mang. Vi cac gié tri ing suit du nay, sau khi
dua ra khoi budng phu, cac mang c6 chiéu day 2 mm van bam dinh vao dé Si ciing
nhu dé thép, khdng c6 hién tugng bong tréc xay ra.

50 I v I v I v ! v ! v I v I v I v I v !

4.5 F L oeen on n : .
| The dién am trén de: -120 V 1
40 | .

@

3.5 i .
3.0 : |
25 o f
2.0 ‘* 7
1.5 ! i
1.0 - ;_,—/1 '
0.5

0.0 T T T ST S

g suat (GPa)

Ull

Ham hrong T1 (at.%)
Hinh 3.1. Ung suét du cia mang thay d6i theo ham luong Ti

Dé danh gia do bam dinh cua mang vao dé thép, thi nghiém trén may tao vét
xudc (Shimadzu SST-101) dugc tién hanh. Nguyén tac hoat dong ciia caa thiét bi nay
nhu sau: miii kim cwong c6 ban kinh 15 mm duoc cho truot trén bé mit mang. Dé co
thé quan sat duoc vét xudc dudi kinh hién vi, mili kim cuwong duoc dit ¢ ché do dao
dong vai bién do 50 mm. Tdc do tinh tién cua mii kim cuong la 10 mm/s (miii kim
cuong vira tinh tién vira dao dong) (Hinh 3.2). Tai tac dung 1én ddu miii kim cwong
duogc tang dan 1am cho hé s6 ma sat gitta mii kim cuong va mang ting. Tin hiéu ma
sat dugc chuyén thanh tin hiéu dién. Khi mang bi tréc, tin hiéu nay thay dbi dot bién,

tai tng Vi thoi diém nay duoc xem I3 tai pha hiy mang.
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50 pm

Hinh 3.2. Su di chuyén ctia mili kim cwong trong thi nghiém vé do bam dinh ctia mang Ién
dé

Két qua thi nghiém vét xudc d6i véi mang nanocomposite nc-TiC/a-C:H (18
at.%Ti) duoc thé hién trén Hinh 3.3. O giai doan dau tién dén diém (A), tai tang dan
va khong c6 su dao dong manh cua tin hiéu. Dén giai doan AB, tin hiéu c6 su dao
dong nhung khong nhiéu. Tir diém A (sau khi trugt khoang 150 mm, & tai 200 N) tin
hiéu bit dau dao dong, diéu ndy cho thiy miii kim cwong bat dau “an” vao mang (do
mili kim cwong cting hon mang) nhung mang van bam dinh tot vao dé. Pén diém B
(trong tng khoang cach truot 460 mm, tai 470N), tin hiéu dao dong manh, diéu nay
chirng to6 mang da bi pha hay. Tai 470 N duoc xem la tai phd huy mang trong thi
nghiém tao vét xuéc. Cac mang thir nghiém déu c6 ciing mot dang db thi két qua nhu
nhau, chi khac & gia tri tai pha hity. Cac mang c6 cau tric nanocomposite (18 at.% Ti
va 32 at.%Ti) c6 tinh bam dinh t6t nhat (déu trén 450 N) & tat ca cac lan thi nghiém.
Mang DLC thuan khiét va mang v6 dinh hinh Ti-DLC (5 at.%Ti) déu c6 tai pha huy
tir 300 N dén 350 N. Riéng mang TiC (47 at.%Ti), tai pha hiy nho hon 200 N. Két
qua nay cho thdy mang nanocomposite vuot troi han mang DLC thuan khiét va mang
TiC khi chju tai. C4u tric nanocomposite cho mang c6 do ctng cao, d6ng thoi cé tinh
chéng v& gion tét (mot trong nhitng nguyén nhan gay bong tréc 1a mang bi va gion
trong qua trinh thi nghiém). Tinh chéng v& gion cia mang nanocomposite c6 nén
DLC khong hydro duoc ché tao bang viéc két hop xung laze va phun xa da duoc

Voevodin nghién ciru va trinh bay trong tai liéu [59]. O tai trong 16n, c4c hat nano c6
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thé “truot” trong nén vo dinh hinh DLC nhim giai téa tng suat, tranh hién twong v
gion. Két qua thi nghiém cuaa nghién cau ching to diéu nay ciing dung véi mang
nanocomposite vai nén DLC ¢6 hydro duoc phi bang phuong phép két hop vat ly va

héa hoc.

600 _ Mang nanocomposite nc-TiC/a-C:H (18 at.%T1)
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Hinh 3.3. D6 thi c6 duoc tir thi nghiém vét xude ddi véi mang nanocomposite 18 at.%Ti
3.2. P clrng va mé dun dan hoi ciia mang

Do cung va md dun dan hoi ciia mang dong vai trd quan trong quyét dinh tinh
chéng mai mon cua mang khi chiu ma sat. Do kich thudc chiéu day cia mang qua bé,
nén thong thuong d6 cung cua mang duge xac dinh bang thiét bi do do cing
nanoindenter XP véi miii kim cuong Berkovich, khdng thuc hién duoc bang phuong
phap kéo, nén thong thuong, trong d6 phuong phap do d6 cung lién tuc dugc sur dung
[60]. Chiéu sau mili ddm vao mang dugc dat khong vuot qua 10% bé day cua mang
dé dam bao vat liéu dé khong anh huéng dén két qua do. Cac miu dung dé do do
cting dugc phu lén cac tim Si [100], trén mdi mau, 10 vi tri ngau nhién duoc lya chon
(theo chwong trinh may tinh diéu khién indenter). Két qua d6 cimg va mé dun dan
hoi duoc Iy 1a gia tri trung binh ciia cac gia tri do dugc. Chi tiét vé phuong phap do

d6 cung tiép xdc s& duoc trinh bay trong chwong 4, trong phan nay nay chi c6 két qua
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do duoc sir dung dé danh gia tinh chit co hoc cua mang. Theo d6, véi mang DLC
thuan khiét, d6 cing va mé dun dan hoi lan luot do duoc 12 18 GPa (215 GPa). Khi
5at.% dugc thém vao, d6 cing va moé dun dan hoi giam con 14 GPa (153 GPa). Viéc
ddng phin xa Ti lam giam ning lwong cac nguyén tir (ion) gia tc dén mang, déng
thoi, c4c tinh thé cimg TiC chwa dugc hinh thanh nén d6 cing caa mang bi giam. Céc
mang c6 ciu tric nanocomposite (18 at.%Ti va 32 at.% Ti) c6 d6 cing va mo dun
dan hoi lan luot 1a 22 GPa (241 GPa) va 28 GPa (272 GPa), day la gia tri 1y tuong
lam mang phua bao vé cho céc chi tiét may chiu ma sat. V&i mang TiC (47 at.%Ti),
d6 ctng va md dun dan hoi 1a 35 GPa (325 GPa).

3.3. Tinh chit ma sat va mon cia mang

Tinh chat ma sat va mon cia mang dugc nghién ciu bang may thir ma sat
(CSEM) véi cau hinh bi truot trén dia. Mang dugc phi trén cac dia thép 440C (duong
kinh 55 mm, bé day 5,5 mm, dugc danh bong dén Rs=60 nm), bi duoc st dung trong
thi nghiém Iam tir thép AISI 52100 (100Cr6) cé dudng kinh 6 mm, d nham bé mit
R.= 30 nm, d6 cing 8 GPa. C4c thi nghiém duoc thuc hién ¢ nhiét d6 22°C, d6 am
khong khi 75% trong diéu kién khong bdi tron. Ma st gitra mang va bi din dén bién
dang hé thdng ga bi. Bién dang nay duoc chuyén thanh tin hiéu dién va xuat thanh db
thi lién hé giira hé sé ma sat va quing dudng truot. Toc do truot dugc dit & gia tri
khong dbi 1a 20 cm/s, dé dam bao khao sét tét mon cia mang va bi cling hé s6 ma sét,
tai tac dung 5 N duoc chon trong cac thi nghiém [49]. So db thiét bi thir duoc thé hién
trén Hinh 3.4.

. Mang
Bi thép

bia thép

Hinh 3.4. So d6 thiét b thir ma sat va mon cta mang
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S6 vong quay
Hinh 3.5. Hé s6 ma sat ciia mang khi trugt vai bi thép 100Cr6 ¢ ché do khong béi tron

Hinh 3.5 thé hién hé sb ma sét cua cac mang khi truot véi bi thép 100Cr6 ¢ ché
d6 khong boi tron. Hé s6 ma sét chi duoc tinh khi dd & ché d6 6n dinh. Mang 47at.%Ti
cd hé sb ma sat 16n nhat (trén 0,3), dong thoi c6 thé thay gié tri hé sé ma sat khong
6n dinh va c6 nhiéu dao dong, dic biét 1a & giai doan cudi cua qué trinh thir. Mang
DLC thuan khiét va 5at.%Ti c6 hé sé6 ma sét thap nhat (0,15-0,16). Tuy nhién, ¢ giai
doan cudi cua qua trinh ther (tir 9000 vong), ¢6 thé thay rd sy dao dong cua hé sé ma
sat cia mang DLC. Cac mang nanocomposite ¢ hé s6 ma sat cao hon mot chiit nhung
cling & murc rat thap (0,16-0,19) va hoan toan khong c6 su dao dong cua hé s ma sat.

Mang 47at.%Ti c6 thé xem nhu chi gom toan TiC tinh thé (khong c6 a-C), dong
thoi do nham bé mit 16n nén dé hiéu hé sé ma sat cua mang s& 16n nhat trong céac
mang duoc thir. Pong thoi, mang ¢ tng suat du 16n, tinh bam dinh kém (nhu da
nghién ciru trong muc 3.1 - Ung suit du va tinh bam dinh) nén s& c6 mét lugng 16n
c4c manh v bong tréc tir mang tai vi tri ma sat véi bi ddn dén sy dao dong cua hé sb
ma sat. Tinh bam dinh cia mang DLC va mang DLC c6 Ti (5at.%Ti) tét hon cua
mang TiC (47at.%Ti). Bng thoi, d6 nham bé mat thap két hop véi su graphite hoa

cua a-C trong qua trinh ma sat (hinh thanh mot 16p graphite tai bé mat ma sat) nén hé
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s6 ma sat ciia cAc mang nay rat thap (0,15-0,16). Tuy nhién mang DLC van c6 ¢ng
suat noi 16n (2.1 GPa) nén ¢ giai doan cudi cua qua trinh ma sat, sy dao dong cua hé
s6 ma sét c6 thé quan sat duoc (cac manh troc tir mang ton tai & vung tiép xic ma
sat). Diéu nay ching to tinh chdng v& gion kém cua mang DLC. Cac mang
nanocomposite c6 do bam dinh tét, cau tric nanocomposite vai cac hat tinh thé nano
TiC phan tan trong nén vé dinh hinh a-C tao cho mang tinh chdng v gion tét nén hé
s6 ma sat khdng c6 su dao dong trong suét qué trinh thir (diéu nay cho thay hoan toan
khong c6 su bong troc hoic gay v ciia mang). Cac mang nanocomposite déu ¢ nén
a-C:H du dé hinh thanh 16p béi tron ran graphite trong qua trinh ma sat nén hé sé ma
sat cua cadc mang nanocomposite van duoc duy tri & gia tri rat thap (0,17-0,19).
Khoang hé s ma sat nay 1a 1y twang cho cac tng dung trong ki thuat. Tat ca céac
mang duoc thr ma sat déu c6 d6 cimg cao hon bi thép 100Cr6 nén sau 10000 vong
thir gan nhu cac mang khong bi mon ma chi bi “danh bong” bé mat. Mot sé vét bong
trdc nho ¢6 thé quan sat duéi kinh hién vi quang hoc trén viing ma sat truot cua mang
TiC (47at.%Ti) (Hinh 3.6).

e ) ~ ~ ~
'Y s
e,
i .
E. .. ; 9.5 e .'. ‘-. .. 1 .' o : .:. | : - | )
[ ozl f ' -”;- SR ;'. " g

Hinh 3.6. Céc vét bong tréc trén viing ma sat ciia mang TiC (47at.%Ti) sau khi truot
10000 vong véi bi 100Cr6
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Hinh 3.7. Vét mon trén bi trugt trén mang
TiC (a), DLC thuan khiét (b) va

nanocomposite (18at.%Ti) (c)

D6 mon cua bi truot trén mang ciing 1a mot théng sé quan trong dé danh gia
chit luong cia mang. Mang dwoc danh gia 1a t6t khi hé sé ma sét thap, tinh chéng
mon tét, khong hu hong trong qué trinh ma sat, ddng thoi, dd mon caa bé mat chi tiét
trugt trén mang thap (chi tiét truot trén mang it bi mai mon). Bé danh gia 6 mon cua
bi, cac vét mon trén bi duoc quan sat dudi kinh hién vi quang hoc (Hinh 3.7). Vét
mon hinh tron ¢é thé dé dang udc lugng 16n nho thong qua duong kinh cua vét. Vét
mon cua bi truot trén mang TiC (47at.%Ti) 12 16n nhat so vai hai vét mon con lai cho
thdy mang TiC mai mon bi nhiéu nhat. Cac nhap nhé bé mat I6n, khéng cé 16p boi
tron ran graphite, su bong tréc mot phan cia mang trong qua trinh trugt twong doi
Vi bi tao ra cac hat mai. Cac hat nay ton tai & vi tri tiép xdc cua hai bé mat ma sat
dan dén hau qua bé mat bi bi mai mon nhanh chéng (Hinh 3.7a). Puong kinh vét mai
cta bi truot trén bé mit mang DLC thuan khiét (Hinh 3.7b) nhé hon rat nhiéu so voi
vét tao ra boi mang TiC, tuy nhién, van lén hon vét mon trén bi trugt véi mang
nanocomposite (18at.%Ti). Du DLC ¢6 bé mit nhén, ¢ 16p béi tron ran dwgc hinh

thanh do sy graphite hoa a-C nhung do tinh chdng v& gion kém, ng suat noi turong
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dbi 16n (2,1 GPa) nén s& c6 cac hat mai hinh thanh tir cac vét nit v té vi diéu nay da
dugc ching minh khi hé sb ma sat dao dong nhiéu & giai doan cudi qué trinh thi
(Hinh 3.5) dan dén viéc bi bi mai mon nhanh. Mang nanocomposite gdy mon it nhat

trén bi cho thay tinh chit ma sat vu viét hon han so véi mang DLC thuan khiét.
3.4. Két luan chuong 3

- Ung suit du trong mang c6 nén DLC phu thudc kha nhiéu vao ham luong Ti
dua vao, cu thé trong nghién cau cho thay: khi ham luong Ti dén 5 at.% thi ung suat
du trong mang c6 xu hudng giam, khi ty 18 Ti ting dén 47 at.% ung suat du ting mot
cach gan nhu tuyén tinh. Vi két qua dat duoc, tac gia nhan thdy ham luong Ti hop
ly c6 thé chon trong khoang tir 18 dén 32 at.%.

- Mang nanocomposite vai cau hinh cac hat nano TiC phan tan trong nén vo
dinh hinh DLC (ham luong at%Ti trong khoang 18-32) ¢6 ung suét du trong ddi thap
(1-2,4 GPa) va tinh bam dinh trén dé hon han cac loai mang DLC thuan khiét va TiC
(tai pha hay trong thi nghiém bam dinh >450 N so vGi <350N cua DLC va <200N
cua TiC).

- Khi ham luong Ti chua du Ién d& hinh thanh céc tinh thé nano TiC thi viéc
thém Ti lam giam do cing va mo dun dan hoi ciia mang. Tuy nhién, khi da hinh thanh
c4c tinh thé nano TiC thi d6 ciing cuia mang ting 1én khi c6 thém Ti. 6 ciing va mo
dun dan hoéi cia mang TiC (47 at.%Ti) 12 16n nhat (35 va 325 GPa), tuy nhién do ciing
cao di kém voi d6 nham bé mat Ion s& khdng tot cho cac ung dung giam ma sat va
mai mon. Mang nanocomposite c6 do cing va moé dun dan hoi trong khoang 22-28
GPa va 241-272 GPa, két hop voi d6 nhdm bé mat thap va tinh chdng v& gion, tinh
bam dinh tét cho thay déy 1a loai mang rat phu hop cho céc ung dung ki thuat.

- Hé s6 ma sét ciia mang nanocomposite khi truot trén bi thép & ché do khong
boi tron trong khoang 0,17 - 0,19. Pay la gia tri ly tuéng cho cac tng dung k¥ thuat.
Cé4c mang nanocomposite van bam dinh tét trén bé mat ¢é sau 10000 vong quay trén
may ma sét (trong khi mang DLC va TiC cho thay c6 nhiing vét troc). Ngoai ra, do
mon cua bi thép khi trrot trén mang nanocomposite nhé hon rat nhiéu so véi khi truot

trén mang DLC thuan khiét va mang TiC.
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Chuong 4.
TINH TOAN MO PHONG UNG XU TINH CUA

MANG NANOCOMPOSITE CO NEN CACBON
GIONG KIM CUONG

4.1. Mé dau

Viéc tinh todn mot cach dinh lwgng va mé phong su phan bé ang suat khi mang
chiu tai dang duoc nhiéu nha khoa hoc quan tam nghién ciu [61, 62]. Cac cong trinh
nghién ctru d cong bd duya trén Iy thuyét vé co hoc tiép xic cd ngudn gbc tir cudi thé
ky 19 cua Hertz [63] va Boussinesq [64]. Hertz da phan tich van dé tiép xac dan doi
gitra hinh cau va mat phang véi cac ban kinh khac nhau. Giai phap cua Hertz 1 ly
thuyét co ban trong tiép xuc co khi va phan tich cac loai dau do khi tiép xtc. Sneddon
[65] d4 phat trién mot phuong phap trén co so 1y thuyét tiép xtc dé tinh chuyén vi va
g suét trong vat thé dan hodi véi dau do doi xing. Mot so tac gia khéc 1a Poon va
cdng su [66, 67], ngudi di tim ra méi quan hé tai, chuyén vi va dién tich tiép xuc
bang ham sé. Oliver va Pharr [68] da tao ra su cai tién cho céng nghé dau do, da ap
dung cong thirc cua Sneddon dé xac dinh dién tich tiép xdc tai tai 16n nhat, tham chi
dién tich tiép xuc thay ddi trong qua trinh d& tai. Cac tac gia da phan tich va tim ra
qui luat ham chuc nang do tai, duong cong do cing tiép xtc nhu do doc cua ham sé.
Do dbc nay dugc sir dung dé xac dinh d6 sau tiép xuc thuc té, do d6 n6 c¢6 kha ning
tinh toan dugc mo dun dan hdi va do cang cua dau do.

Trong thi nghiém, sy kiém tra ddu do dd duoc thuc hién bai Brinell [69, 70], sir
dung dau do 1a hinh cau va tron dé tinh ddi véi vat liéu mém. Phuong phap kiém tra
ctia Brinell da nhanh chéng dwgc chap nhan, sau d6 duoc su phat trién & nhiéu pham
vi khic nhau nhu kiém tra vét 18m micro [71]. Dan dan, muc tiéu caa kiém tra vét
16m dat téi cap d6 nano dé do tinh chét co hoc caa cAc mang mong. Trong phan tich

phan tir hitu han, Bouzakis va cong sy [72] di phat trién phwong phap dé trién khai
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cac qui luat bang su danh gia két qua tao vét 16m nano qua md phong dau do lién tuc
Xuyén vao mang. Thuat todn cua 6ng dwoc xem Xxét can than cac két qua tao vét 16m
nano tir dix liéu dau vao dé miéu ta mé hinh phan tir hiru han va dudng cong bién dang
— &g SUAt.

Nhitng ndm gan day [73 - 75] cac nhém Kuzin, Feindt va cong sy da diung
phuong phap phan ti hitu han bang phan mém Abaqus hoic Ansys phan tich sy anh
huong cua cac loai dau do Berkovich, Vicker, Conical dén 16p mang phi. Nhém
Bhushan va cong su [76, 77] da ching minh tinh chat co hoc la phu thudc kich thuéc
trong qua trinh tao vét 1m nano va dang duoc sir dung rong rai. Mot s nha nghién
ctru [78 - 80] di st dung phuong phéap tao vét 1dm nano dé danh gia tinh chéng ran
nirt ciia nhitng mang siéu mong. Tuy nhién, viéc md phong sé bang phan mém Abaqus
hay Ansys chi duoc thuc hién khi dd c6 mé dun dan hdi, hé s6 Poisson va gigi han
chay. Trong nghién cau nay, cac mang dugc ché tao & phan thuc nghiém chua thé
xac dinh gigi han chay, do d6 viéc tinh toan mé phong mang mong nanocomposite
chiu tai boi dau dam nano chi c6 thé thuc hién bang lap trinh code tir ma nguén maé

nhu phan mém Matlab.
4.2. Phwong phap do @ cirng tiép xdc

Do cung 1a thude do mirc do chiu dung cua vat liéu ran véi cac dang khac nhau
cua su bién ddi hinh dang vinh ctru khi duoc 4p dit boi mot luc. Po cing thé hién
dic diém su lién két gitra cac phan tir va trang thai cua vat liéu ran chiu tc dung cua
luc & dang phiic tap. Do d6 can ¢ cac phuong phap khac nhau dé do d6 cting nhu d6
cling cio xudc, do cing vét 1om tinh.

Cac phép do do cing thuong dugc chia lam ba loai chinh: d6 cung cao xudc,
d6 cung dan hoi va do ciing vét theo vét 16m tinh. Tuy nhién, cac phuong phap duoc
ding rong rai dé xac dinh d6 cirng mang mong da s6 dua vao vét 16m tinh. Trong cic
phép kiém tra vét 16m tinh truyén thdng, dién tich tiép xuc duoc tinh toan tir phép do
tryc tiép cua kich thudc vét du dé lai trong bé mat mau IGc bo tai. Thong thuong,
ngudi ta xac dinh dién tich tiép x(c bang cach do d6 sdu tham nhap cua dau do vao

bé mit mau (vai dang hinh hoc cua dau do duoc xac dinh). Cac dau do c6 dang hinh
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cau, nén hodc hinh chép duoc gia tai vao bé mit cua vat liéu tao ra mot vét 16m cb
dinh (dan hoi). P cing dat dugc khi biét tai trong phéap tuyén va dién tich bé mat
cua dau do (cling dugc coi 1a dién tich tiép xuc) dbi véi do cing Brinell, Rockwell va
Vickers hoic dién tich hinh chiéu cua 16p tiép xtic ddi véi d6 ciing Knoop va
Berkovich (day 1a phép kiém tra theo vét Idm ma chiéu su tham nhap vao mau
thuong duge do & cip do nanomet hon 1a micromet hozc milimet).

K§ thuat tao vét 16m nano con cé thé dugc dung dé tinh toan mé dun dan hoi,
chi s6 bién dang — do cung, do bén chong gay (ddi véi vat liéu gion) va céc tinh chat
dan hoi nhét. Mot loat céc tinh chat c6 thé xac dinh tir phuong phap kiém tra khdng
pha hay. Khi mot dau do duoc dat vao 16p tiép xtc cua bé mat mau phang véi tai
trong ting 6n dinh, ca tai trong va d6 sau tham nhap duoc ghi lai & mdi lan gia ting
tai tao nén duong cong gia tai — giam tai. Pudng cong nay duoc dung dé xac dinh
tinh chat cua cac vat liéu.

Phép kiém tra vét I6m nano thudng duogc thuc hién véi cac dau dam Spherical,
Berkovich, Cube Corner hoic Knoop. Pau do dung trong nghién ctru nay 1a dau do
hinh chop va miii kim cuong Berkovich.

Nhu d3 trinh bay ¢ muc 3.2, 6 cing va mé dun dan hoi duge xac dinh bang
thiét bi do d6 ctirng nanoindenter XP vai miii kim cuong Berkovich. Tir dudng cong
gia tai va giam tai trén d6 thi cua thiét bi do d6 ctng, d6 déo ciia mang dugc xac dinh
bang cach chia khoang dich chuyén cia mili kim cuong @ng véi giai doan giam tai
cho dich chuyén 16n nhit. Do cting tiép x(c cua mang duoc xac dinh boi duong cong
gia tai — dich chuyén trong qué trinh do véi luc ting dan va phan tich bang phuong
phap Oliver-Pharr [81] (Hinh 4.1, 4.2).

Miii kim cuong Berkovich c6 thé dugc mo hinh hoa bang mot dau do hinh nén
vGi mot nira goc quay d=70.3°%. Chu vi ngoai bién tiép xic tao vét 16m chim vao vat
thé duoc dién ta bang md hinh dau do cting ¢6 hinh hoc don gian [82]. Néu bo qua
su tich tu caa vat liéu & chu vi ngoai bién dbi vai vat liéu dan hoi — déo, lugng “chim
vao” vat liéu mang hs duoc xac dinh bang [81]:

hy =€ (4.1)
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trong d6 € 1a hang sé phu thudc vao hinh dang caa dau do (¢=0.72 cho hinh nén, 0.75
cho parabol tron xoay va 1.00 cho dang phang), Pmax tai I6n nhat, S 1a do cang tiép
xuc (S=dP/dh).

D6 sau va tai 1én nhat
DPuong cong
gia tai

Tai
/

~ DPuong
- cong do tai

v

Diém bit dau tiép xuc Dich chuyén (h)

Hinh 4.1. Buong cong gia tai — giam tai [83]

lP
Dau dam , Bé mit ban diu
x\/ - a .
< L -
A \\\ e

Bé mit sau dé tai

Bé mit gia tai
Hinh 4.2. Dang hinh hoc ctia vét 16m khi gia tai va d& tai

Vi vy, do sau doc theo 16p tiép xtic dugc tao ra giita dau do va mau (hmax-hs)

he =hpax — € Pn;ax (4.2)

Néu goi F(d) 14 “ham dién tich” miéu ta dién tich dugc chiéu (hoic mat cit) cua

dau do & khoang cach d tir bé mit dén mili cua do, dién tich tiép xic A sé la:
A =F(h,) (4.3)
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Ham dién tich 1a ham hinh dang dau do, phai duoc hiéu chinh bang cac phép do
doc lap dé do léch tir hinh dang dau do hinh ndn duoc dua vao tinh toan thay cho miii
Berkovich 12 nho nhat. Do Iéch nay c6 thé 1a kha 1on so voi mili kim cuwong Berkovich
néu c6 su bo tron xay ra trong qua trinh mai sic. Py 1a phuong phap co ban cho viéc
xac dinh ham dién tich tiép xtc. Pharr va cong su [84] da biéu dién A 1a mot ham nhu
sau:

A=38_,C,(he)>™ = Coh2 + Cih, + Coh? + Cah* + - + Cght/ 1?8 (4.4)

Dé hoan thanh qua trinh hiéu chinh ham dién tich, cac hé sé khéc trong phuong
trinh (4.4) phai duoc xac dinh bang sy diéu chinh duong cong dit liéu A. Boi véi dir
liéu thuc nghiém trong nghién cau [85], cac hé s6 cho ham dién tich nhan duoc Ia
Co=24.65, C1=202.7, C»=0.03363, C3=0.9318, C4=0.02827, Cs= 0.03716, Ce=1.763,
C7=0.04102, va Cg= 1.881.

Do citng caa mang duoc tinh bang cong thuc:

Pmax

ChU ¥ rang, viéc xac dinh do cang dya vao dién tich tiép xuc dudi tac dung cua
luc, N6 o thé Iéch so véi do cang truyén thdng duoc do tir dién tich cua vét 16m nén
con du néu c6 su dan hdi dang ké trong sudt qua trinh giam tai. Tuy nhién, diéu nay
chi quan trong véi cac vat liéu véi cac gia tri E/H rat nho [86].

M6 dun dan hoi hiéu dung (Er) duoc xéac theo méi quan hé ham dién tich tiép
xuc va do cung giam tai:

1Vm S

Quan hé gitra moé dun dan hoi hiéu dung, mé dun dan hoi cua dau do nano va

md dun dan hodi cua mau:

(4.7)

trong d6 v&i dau dam hinh nén thi hé sé hiéu chinh p=1000, vat liéu dau dam bang
kim cuong c6 md dun dan hoi E =1040 GPa va hé s Poisson v = 0,07. M6 dun dan
hoi ciia mau (Ei) dugc xac dinh khi két hop phuong trinh (4.6) va (4.7).

Phuong trinh (4.7) 14 cdng thic rat tong quéat ap dung cho bat ky dau do dbi
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xang truc. Phuong trinh nay khéng han ché ddi voi dang hinh hoc don gian cu thé
nao, ké ca vét I6m ti va co thé ap dung vai tiép xac dan hoi — déo [87].

4.3. Co sé phwong phap phan tir hitu han (PTHH) xac dinh tinh chat mang chiu
tai trong tinh

4.3.1. Phuong trinh PTHH

Vi ¢6 ba an chuyén vi chua biét 4(X,y,2), V(X,¥,2) va w(x,y,z), nén can
ba ham noi suy riéng biét cho mdi an. Trén nguyén tic d6 ta c6 thé st dung cac ham
noi suy khac nhau cho cac an khac nhau. Tuy vay, thuc té ngudi ta st dung cac ham
noi suy giéng nhau cho ca ba an chuyén vi nhu sau [88]:

u(x,y,z2)=Nu; + Nou, + Nyuz +---

v(x,y,2)=N;v; + Ny, + N3v3 +--

w(x,y,z2)=N,w; + Nyow, + N;w; +--- (4.8)
O day u, V1, Wi, Uz, ... goi 1a céc bac ty do tai nat, Ni (x, y, z) 1a cAc ham noi

suy twong (ng. O dang ma tran chiing ta c6 thé viét nhu sau:

u;
u N] 0 0 N2 0 V1
u(x’y)Z)E vV e= 0 N] 0 0 NZ el W[ = {N}T{d}
w 0 0 N, 0 0 -||lu
(4.9
Tir d6 o thé tim dugc céc thanh phan bién dang, @ng suat nhu sau:
u Mg o Ny
Oox ox Ox
BT I R I T AR 1
X 5)’ ay ay 1
&, v
. aa_w 0o 0 % 0o 0 aa& W’
elod el Z _ Z Z Wil _[pT {4
i O B T B T VA VAR A | P Sl ALY
.. oy ©Ox oy ox Oy ox v,
Sl jvLow| |, NN, ON, 0N,
& 0z Oy 0z Oy 0z Oy
Ou ow| |ON, o ON, ON, , ON;
0z Ox | Oz Ox 0z Ox ] ( 4. 10)

toj=[clie=[clB {4} (4.11)
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trong d6 [C] 1a ma tran c&c hang s vat liéu, [B] 1a ma tran dao ham trong quan hé
dong hoc gitta chuyén vi - bién dang, {d} 1a véc to chuyén vi.

Ning luong bién dang trén phan tu:
u:égjw =—m[[3r el tajav = 2 @ [[fleliclat av ta = 2y ay

(4.12)
O day [k] 12 ma tran cang phan tir:
(k1= [[[rB1rcirBr av
v (4.13)
Gia sir rang céc tai trong tap trung chi tac dung tai cac nut, lac d6 cong thuc

hién bai nd cd thé tinh nhu sau:

Uy
Vi
Wf - Z(qul +Fytvt +Fzth) {Fxl Fyl le Fy; } Wir = {rf}T{d}
i U,
' (4.14)
{rf }T : chuyén vi cuia véc to tai trong tac dung tai nit.
{”f}: {7 F, F; Fo f
Phiém ham thé ning trén phan tir ¢ dang:
1
I, (u,v,w) = U—W = E{d Vk)a)- {{rq}T +{n )+ {rf}T}{d} w15

Tir cac diéu Kién can dé cuc tiéu phiém ham thé nang (4.15), 011, /ad; =0 va
do cac tai trong tap trung tai nat cd thé duoc Iap ghép mot cach truc tiép vao véc to

tai todn cuc, nén cac phuong trinh can bang tinh cta phan tir nhu sau:
k
Khi c6 bién dang trudc &, do su thay doi nhiét d6 hay mot Iy do nao khac, cac

quan hé tng xu (4.11) tro thanh:

tot=[cliie -1} (4.17)
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Luu ¥ rang, su gia ting nhiét 46 AT s& dan dén su gia ting bién dang déu phy
thudc vao hé sé gidn ng nhiét cua vat liéu, hay noi khac di su thay d6i nhiét do khong
gay ra bién dang cat. Va véc to bién dang trudc do sy thay doi nhiét do s& 1a:

(&)l ={aAT aAT aaT 0 0 0} (4.18)

Két hop voi cac diéu kién ban dau kém véi ma tran (ng xu [C] 1a mot ma tran
d6i xtrng nén biéu thic nang lwong trén phan tir c6 thé viét lai nhu sau:

v==[[[eer icrisrav={[[ta 1c1 121 av
v v (4.19)

Vi loi giai gia dinh ta co:
1 T _ T T 1 T
U= jﬂ [BI[C][B]"dV{d] j J j (e} [CIIB]"aV {d} = (d]" [k](d]~(r.]" {d]

(4.20)
{Vg}T la chuyén vi ctia Véc to tai trong nut twong duong do c6 mit bién dang ban dau
(€9}

) =[|[tB1iCI 120 )v
v (4.21)

4.3.2. Bai toan phang cua ly thuyét dan hoi
4.3.2.1. Bai toan ing suat phang:
Vi céc vat thé mong (gia st kich thude theo phurong z rat nhé so véi hai phuong
con lai) chiu tac dung cua cac luc trong miat phang xy (Hinh 4.3), ¢6 thé chap nhan
gia thiét [89].

Hinh 4.3. Két cau tAm cho bai toan trng suit phing
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Oy =Ty, =Tz =0 (4.22)

Lac nay, phuong trinh quan hé bién dang - ¢ng suat 1a:

v,
gx E E Gx
_ 14 1 0
gy = —E E . (Ty
Yy o o L|U» (4.23)
i G |
o, +o
&, =—Vv £ }/yZ—O; 7zx:0

Quan hé ung suat — bién dang

Oy 1 v O Ey
{Tc;yy } - £ v % {ye:y } & {0} = [Cl{e) (4.24)
Néu c6 su thay ddi nhiét do AT , véc to bién dang ban dau c6 dang:
o,+0

X

Y +a AT

{go}: {aAT a AT O}T JE, =V (4.25)

{o}=Iclile}-{s}) (4.26)

Hinh 4.4 thé hién cac (ng suat trong mat phang:

-

/ o, Tk

&

KK p
x'/p xy

Cac luc mang
Hinh 4.4. Noi luc trong mot phan tir tim tmg suét phing
4.3.2.2. Bai toan bién dang phang:

Véi cac vat thé dai (gia st kich thude theo phuong z rat 16n so véi hai phuong
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con lai) chiu tac dung cua cac hrc trong mit phiang xy, ngudi ta co thé chap nhan gia
thiét

% =1 =V =0 (4.27)
Tir d6, ta c6 quan hé ung suit — bién dang
o, : 1—-v v 0 €,
o | _ v 1—-v 0 <
1T @A+ -2v) 1—2v[) ”
Txy 0 0 > Yy
— &xtey  _ . — (- —

o, = Ev T 0;Ty;, =0;7, =0 (4.28)

4.3.2.3. Cdc phwong trinh can bang:

Déi véi bai toan phang, viéc gia st chiéu day h theo phuong z 13 hang sé dan
dén cac tich phan thé tich s& trg thanh cac tich phan trén dién tich phan tir, cac tich
phan mat s& tré thanh cac tich phan trén bién phan tir. Tai trong tac dung chi c6 cac
thanh phan trong mit phing xy. Do d6 cac phuong trinh phan tir cho bai todn phang
c6 thé thiét lap nhu sau:

Quan hé bién dang — chuyén vi

a | fav, o, ]
£, ox ox ox !
{e}=1¢ | = Yol g N, N | =[B]" {d}
dy y y Uy
Y xy @4_@ ON, ON, ON, ON, ||:
oy ox| | Oy Ox Oy ox | (4.29)

Quan hé ung suat — bién dang
{ot=[cli{e}-{el (4.30)

Cho bai toan ng suat phang:

o, E I v 0 & aAT
oy = 5|V 1 0 | Ey (— aAT

1-v 1—-v 0 (4.31)
Txy 0 2 7xy

Cho bai toan bién dang phang:

50



o, E 1-v v 0 & (1+v)a AT

= - @ 11— 0 | —<(1 AT
o, Tevil—2v) 1% 1% P £, (1+v)a (4_34)
o, 0 0 > 7 xy 0

Phwong trinh can bang cua phan tir
[k]{d}:{rq }+ {rb}"'{rs} (4.35)
trong d6, ma tran cing phan tir duoc xac dinh

=n|[tB1CIIBT" aA
A (4.36)
Véc to tai trong nat do tai trong phan b

() = A IV] {Zi} de (4.37)
[N]: Ia ma tran ham dang.

Véc to tai trong do tai thé tich

b
() = hJJ, N1 |} aa (4.38)

Trong luan an, tac gia sir dung phan tir tir giac 4 diém nat dé mo hinh hoa két
c4u mang mong. Phuong trinh ham dang [N] trong hé toa do ty nhién cua phan tir ti
giac 4 diém nat [90]:

N, =5 - £)-7)
N, =5 @+ £)a-n)
N, =5 @+ )L+ 7)
N, = - £)t+n)

(4.39)
Mdi lién hé hinh hoc va noi suy chuyén vi duoc biéu dién bai:
1 1
IR
o v v s ¥ é ") (4.40)
uxl Uyz  Uys |l 3 J
uy Uyp Uyp Uy J N;(€,m)
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4.3.3. Tich phan Gauss
Tich phan Gauss duoc viét dang tong quat:
Me = [*7 [TINCIT pN°det|]|dédn (4.45)
Trong d6 ma tran ham dang phan tir N© c6 dang:
Ne(,n) =[N (&n) N7 (Emn) ... Ng (] (4.46)
Cong thire Gauss cho trudng hop hai chiéu, véi diéu kién mién lay tich phan Ia
maot mién vubng c6 canh 2 don vi, goc toa do dat tai thm mién nhu Hinh 4.5. Lic d6

ching ta khao sét trén tich phan sau:

1 el
I= L L F(x,y)dxdy .47

-1, 1] ¥ 1, 1]

=1, —1| (1, -1}

Hinh 4.5. Mién lay tich phan cho c6ng thirc Gauss hai chiéu
Xét dai to den theo phuong ding nhu Hinh 4.5, véi mdi x bat ky cho trudc, tich
phan theo phuong y ¢6 thé tinh dugc bang cach sir dung cong thac Gauss mot chiéu
n diém. Va tuong tu str dung cong thirc Gauss véi m diém theo phuong x. Cubi cing

tich phan trén c6 thé viét lai nhu sau:

! zf](zj—le f(x’yf))dszLZj_]Wiwj f(xi,yj)Ezwin J(xiy;)
i, J

(4.48)
Viéc tim toa d6 va trong sé twong tng cua cac diém Gauss ciing twong tu nhu

d6i véi truong hop mot chiéu, Bang 4.1 cho ta gié tri cia mot vai trudng hop cu thé.
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Béng 4.1. Trong sb trong tmg ctia cac diém Gauss [88]

X; Yi Wi X W,
1x1 1 0 0 4.0000000000000
1 | -0.57735026918963 | - 0.57735026918963 | 1.000000000000
2 | -0.57735026918963 | 0.57735026918963 1.000000000000
oxe 3 0.57735026918963 | - 0.57735026918963 | 1.000000000000
4 0.57735026918963 | 0.57735026918963 1.000000000000
1 |-0.77459666924148 | - 0.77459666924148 | 0.30864197530864
2 | -0.77459666924148 0 0.49382716049383
3 | -0.77459666924148 | 0.77459666924148 | 0.30864197530864
4 0 - 0.77459666924148 | 0.49382716049383
3x3 5 0 0 0.7901234567901
6 0 0.77459666924148 | 0.49382716049383
7 0.77459666924148 | - 0.77459666924148 | 0.30864197530864
8 0.77459666924148 0 0.49382716049383
9 0.77459666924148 | 0.77459666924148 | 0.30864197530864
1 |-0.86113631159405 | - 0.86113631159405 | 0.12100299328560
2 | -0.86113631159405 | - 0.33998104358486 | 0.22685185185185
3 | -0.86113631159405 | 0.33998104358486 | 0.22685185185185
4 | -0.86113631159405 | 0.86113631159405 | 0.12100299328560
4x4 5 | -0.33998104358486 | - 0.86113631159405 | 0.22685185185185
6 | -0.33998104358486 | - 0.33998104358486 | 0.42529330301069
7 | -0.33998104358486 | 0.33998104358486 | 0.42529330301069
8 | -0.33998104358486 | 0.86113631159405 | 0.22685185185185
9 0.33998104358486 | - 0.86113631159405 | 0.22685185185185
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Xj yj Wi XW;

10 | 0.33998104358486 | -0.33998104358486 | 0.42529330301069
11 | 0.33998104358486 | 0.33998104358486 | 0.42529330301069
12 | 0.33998104358486 | 0.86113631159405 | 0.22685185185185
13 | 0.86113631159405 | -0.86113631159405 | 0.12100299328560
14 | 0.86113631159405 | -0.33998104358486 | 0.22685185185185
15 | 0.86113631159405 | 0.33998104358486 | 0.22685185185185
16 | 0.86113631159405 | 0.86113631159405 | 0.12100299328560

4.4. Phwong trinh &ng xir cia mang méng chiu tai béi ddu dAm nano va phwong
phéap giai

Nhu trinh bay & muc 4.1, vét 16m 13 mot phuong phap don gian va thudng duoc
ap dung dé kiém tra tinh chét co cua cac vat liéu. Trong kiém tra vét 1dm, vat liéu
quan tim chua duoc biét cac tinh chit co hoc (nhu mé dun dan hoi va do cimg) duoc
tiép xGc véi vat liéu da biét duoc cac tinh chét co hoc. Ky thuat bat ngudn tir thang
d6 cing Mohs duoc gigi thiéu nam 1812. Di véi viéc kiém tra vét 16m truyén thong,
chiéu sau tham nhap duoc do & mirc 6 pm hay mm. Géan day hon, vét 16m nano (vét
I6m ma c6 chiéu su tham nhap dugc do & mic d6 nano) da duoc thiét 1ap nhu mot
cdng cu co ban cho viéc nghién cau, kiém tra tinh chat co hoc cua vat liéu thé tich
nho [89 - 92]. K§ thuat vét I8m nano c6 thé dugc dung khéng chi dé tinh toan do
ctrng, md dun dan hdi ma con tinh cac chi sb bién dang — su hoa cang, do bén chdng
nirt (cho vat liéu gion) va cac tinh chat dan hoi. Trong nghién ctru nay, trudng chuyén
vi, bién dang, @ng suat phan bé trong mang s& duoc tinh toan va phan tich.

Viéc xay dung md hinh todn mang mong chiu tai bai dau dam nano (Hinh 4.6)
véi gia thiét mang mong nanocomposite véi c4c hat tinh thé TiC phan tan trong nén
v6 dinh hinh DLC phu 1én dé Si [100] c6 duong kinh 100 mm, day 450 pm. Mang
dugc phu 1én dé voi d6 day 1,3 pm. Gia thiét lién két gitta mang va dé 1a 1y tuong,
qua trinh chiju tai cia mang khong bi anh huéng bai ma sat, nhiét do, cac hat tinh thé

TiC phan tan dong déu trong nén DLC. Pau dam nano 1a miii kim cuong Berkovich
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c6 mo dun dan hoi 1040 GPa, hé sb poisson 0,07, ddm xudng mang theo phuong
thang dtng va ting dan sau mdi budc. Tuy nhién, dé thuan loi trong tinh toan, mii
Berkovich duoc qui doi vé dang ddi xang truc hinh nén twong dwong c6 nira goc
70.3°[93].

Do quan hé duong cong gia tai — giam tai nhu hinh hinh 4.1, nén m6 dun dan
hoi vat liéu mang thay d6i theo tai trong tac dung, do d6 ma tran [K] trong phuong
trinh (4.35) phu thudc chuyén vi - phuong trinh phi tuyén vat ly. Biéu nay dan dén
viéc giai phuong trinh nay dugc thuc hién trén tirng budc gia tai, twong rng vai cac
s6 gia chuyén vi. Luc nay phuong trinh (4.35) duoc viét cho sé gia nhu sau:

[K1{Au}! = (Af)! (4.49)

[K] - ma tran do cirng tai budc gia tai {Af},

{Au} - sé gia véc to chuyén vi caa nit tai budc i,

{Af} - sb gia véc to luc

i chi s6 thir tu budc tinh.

Hinh 4.6. M6 hinh mang chiu tai

Dé c6 dugc dap an cho gidi han bién, cac thay doi cua gigi han bién duoc
lién tuc cap nhat theo cac budc tién tai cong thic (4.49). Két qua cudi cung 1a td
hop cua tat ca két qua caa cac budce trude do. Tinh phi tuyén caa vat lidu thé hién

qua ma tran d6 cang chung, thong sé nay phu thudc vao &ng suat hién tai va do
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bién dang va thay dbi theo mdi budc tién, do d6 ma tran do cirng ciia mang duoc

cap nhat sau mdi budc tinh. So dd cia phuong phap dugc thé hién nhu hinh 4.8.

i y
K / .
o,l— — o, — —
o \ 01— \
| |
€1 iz Fg €1 ‘82 Fg
(a) d6 cung khong doi (b) d6 ciing tiép tuyén
Hinh 4.7. Cac phuong phéap phi tuyén tinh [94]
T (4.49), ta co:
{au} = [K]7HAfY (4.50)
{Ae} = [B] {Au} (4.51)
trong d6 [B] 1a ma tran dao ham trong quan hé chuyén vi - bién dang.
Néu vat lidu bién dang déo, bién dang bao gém dan hoi va déo:
{Ae}t = {Aef} + {AeP} (4.52)
LGc ndy tng suat trong mang dugc xac dinh:
{Ac} = [Cl{Ae®} (4.53)
Va do do:
{0} = {0} + {Ac} (4.54)
Phuong trinh gidi han chay dugc xac dinh nhu sau [95]:
F = (%) sing — (%) —c.cos@ =0 (4.55)

trong d6 c 14 d6 bén truot, ¢ 1a goc ma st ciia sai s6 Mohr Coulomb

Mot trong nhiing dic diém cua bai toan luan &n giai quyét 1a néu ng suat van
dudi trang théi gigi han nay (bién dang dan hoi), do quan hé tai trong - chuyén vi la
duong cong, nén viéc giai lap theo (4.49) van phai duoc thuc hién.

Trong truong hop tng suat vuot qua gidi han (phuong trinh (4.55), F>0), (ng
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suit du can duoc can bang lai dé dat toi gia tri gan bang véi gisi han (F=0). Khi d6

vat liéu bi chay déo va gigi han chay dugc tinh theo Vermeer [96]:

{AeP} = AL [(1 —w) ("’—G)i_1 +w (a—G)i] (4.56)

do oo
trong d6, A2 1a s6 gia bién dang déo va I1a tham sé phu thudc vao thoi gian st dung.

V6i w =0 thi phuong trinh dugc goi 1a ham twong minh va w=1 thi goi Ia ham
an. Str dung ham tudng minh véi (ng suat Iy tir bude trudc w =0, do d6 cong thirc
(4.56) dugc viét thanh:

i-1
(aery = a2 (%) (4.57)

Bién dang déo dugc tinh dwa trén ang suat “du” tai c4c n(t va &ng suat nay duoc
cong vao budc tiép theo theo luat lily ké. Lyc tao ra duoc tinh theo phuong phap bién
dang déo Visco [97].

Trong qué trinh tinh stir dung cac phuong trinh tir (4.49) t6i (4.57) duoc lap di
lip lai cho t6i khi wng suat gan bang véi giGi han chay bé mat trong khoang sai s6
cho phép nho hon 0,01 thi bai toan duoc xem nhu hoi ty. Cac diéu kién hoi tu gom:

+ Budéc chuyén vi tir phuong trinh (4.50) gan bang voi budc lién ké.

+ Luong bién dang qué nho.

+ Ung suat tang tir phwong trinh (4.54) gan bang voi budc lién ke.

Néu str dung diéu kién chuyén vi dé tinh toan sai sb thi gia tri chuyén vi caa
budc tién thir (i) va budc tién thir (i + 1) phai nho hon sai s6 cho phép. Véi bai toan
luan an tac gia str dung diéu kién hoi tu theo rng suat.

Luu d thuat giai bai toan duoc thé hién nhu trén Hinh 4.8. Viéc cu thé hoa thuat
giai duoc tac gia lap trinh trong moi truong Matlab. Chuong trinh tinh chay trén may
tinh véi hé diéu hanh Windows, c6 kha nang phan tich tinh hoc phi tuyén cua mang
mong. Cau trdc cia chuong trinh gom cac mo dun chinh:

Mo dun nhap sb liéu: data.m;

M6 dun xay deng md hinh hinh hoc: model.m;

Mo dun phan tich tinh: static_analysis.m;

Mb dun xuét so liéu: results.m.
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\ 4
Nhap s6 ligu

v

Thiét 1ap thong s ban dau va diéu kién bién
Thiet Iﬁp [C]1 [K], {0-0}1 {80}

| Bit dhu budc tinh |

Poc budc tang tai {Af}  Tai lap budc tién chuyen vi
’ Tai lap {Ar}

Bit diu budc

Cap nht tai {Af}' _
Budc tien chuyen vi {Au}
Cap nhat budc tien chuyén vi

Cap nhat dién tich mit bién dang
Cap nhat luc nén bé mat P

Téng bién dang {Ae}  Cap nhat ing suét {c}

Téng tng suat {Ac} Tinh phuong trinh bién dang déo F
Toi diém < Sai -
Gauss tiep Dlne

Buéc ting bi’én dang déo {8}’
Cap nhat bien dang deo {Ae}
Tinh toan tai tai diém {Ar}

Két thic
diém Galtiss

v

Thiét lap tit ca cac diém {ArY

\ 4

Sai

v

Tinh toan sai s e

%< gii han—

bing

Cap nhat chuyén vi {u} , Cap nhat ung suét {c},
Cap nhat bién dana {e¥, Cap nhat d6 sau dam h

Sai

Hdi phuc
v

Thiét 1ap chuan nang lugng bién dang U, sao luu dit liéu, xuat biéu db

Hinh 4.8. Luu d6 thuat giai
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4.5. M6 phéng &ng xir cia mang méng chiu tai béi dau dam nano

Béng 4.2. Thong ctia mang va dau dam nano, dé Si[100]

, , Mb dun dan hdi ban :
Kich thudc diu (GPa) Poisson

Dau dam nano Hinh nén 1040 0,07

Mang Bé day 1,3 um 241 0,23
nanocomposite

. D=100 mm,
beé . 185 0,28
Bé day 450 uym

Str dung chuong trinh da 1ap, tac gia tién hanh tinh toan chuyén vi, bién dang
va (ing suat khi mang chiu tai boi dau dam nano. Két qua Hinh 4.9 thé hién méi quan
hé giita gia tai va da tai vai chuyén vi khi mang chiu tai boi dau ¢ddm nano.

6 T T T T T T T T T T T T T T

--&-- Tinh toan s &
4 4 _ »
E=241 GPa, v=0.23, o 2
1 dof =18382 o g
-

-20 | 0 20 40 60 80 | l(I)O | 150 | 140
Chuyén vi (nm)
Hinh 4.9. Két qua md phong c6 duoc duong cong gia tai va giam tai cia mang chiu tac
dung ctia dau ddm nano
Mang méng nanocomposite chuyén vi dudi tc dung cua tai. Khi gia tai gan dén
5,5 mN, diu ddm nano $& dam sdu vao mang khoang 130 nm, sau d6 giam tai va rat
nanoindeter khoi bé mat mang thi dudng cong giam tai dan hoi dan dén 74,3 nm, mirc

d6 bién dang va dan hdi phu thudc vao co tinh caa mang (trinh bay ¢ muc 4.6.3.1).
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Hinh 4.10, Hinh 4.11 thé hién truong bién dang va trudng Gng suat bén trong mang.

Deformation plot, U,

i
-’
.

2500

Hinh 4.10. Truong bién dang clia mang nanocomposite TiC/a-C:H c6 ham luong Ti 1
18 at.% (dof =22422)

Hinh 4.11. Trudng tmg suit cia mang nanocomposite TiC/a-C:H ¢ ham lwong Ti 13 18
at.% (dof =22422)

Nhan xét: Khi gia tai bang ddu dam nano Ién bé mat s& lam mang bi bién dang,
su bién dang lan truyén vao bén trong mang va phét sinh tng suat. Phuong phap tuyén
v6i bé mat indenter c6 gié tri wng suat 16n dan, truyén xuyén qua mang toi bé mat
phan cach giira mang va dé. Quan st biéu thi mau cho thay, ¢ng suat nén xuat hién
I6n nhat tai viing mau vang, tng suit kéo xuat hién tai ving mau xanh dam lan can
mit trén cua mang. Khi tai tic dung 16n, mang s& hinh thanh vét nat, phét trién vét
nit dé giai toa (ing suét tai duong giao thoa giira viing chiu (ng suat nén va ving chiu
g suat kéo. Vét nit ciing ¢6 thé hinh thanh tai bé mat phan céch gitta mang va dé -

noi chiu &g suat nén 16n nhat.

4.6. Phén tich va danh gia sai sé theo tiéu chuin ning lwong khi mang méng

nanocomposite chiu tai béi dau dam nano
4.6.1. Co so danh gia sai s6 theo chuan niang lugng

Phuong phap PTHH 1a phuong phap xap xi nén sy hién dién sai sé so voi 10i
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giai chinh xac 1a tat yéu (sai s6 toan hoc tich lity, sai sb gia thuyét, sai s6 mé hinh
phan tir hitu han,...). Thuc nghiém ciing cho thay rang trong tinh toan bién dang s6
sai s6 nay duoc chon trude theo yéu cau dé dam bao do tin cay, su hoi tu va diéu kién
on dinh.

Dua vao do léch chuyén vi u, &ing suat o chinh xéc, chuyén vi, (tng suat PTHH
Un, oh V&I mat do ludi h.

- Sai s chuyén vi tai diém thudc mién

(en)u=u —uy (4.64)
- Sai sb g suat tai diém thudc mién
(ep)s =0—0p (4.65)

Viéc xac dinh sai s6 timg diém mang tinh cuc bo va chi phi tinh toan cao. Do
d6, lya chon phwong phép cuc tiéu hda sai sé theo chuan ning luong bién dang:
min [ (6 —0,)" H"*(0 — 0;,)dQ (4.66)

URr€eUR
Véi Q 1a mién, H 12 ma tran bién dang Hooke, va Un 1a mién PTHH. Theo d6
chuan sai s6 nang luong toan cuc duogc tinh [100]:
||€h||E(Q) = [fﬂ(ah —op-) H (0, — Uh—1)dﬂ]
O bac phan tir 1a:
_ 1/2
”eh”E(m = [fge(o-h — op-1)"H (0, — O'h—1)d~(2€] (4.68)

Trong hau hét cac truong hop, két qua chinh x4c thuong chua xac dinh, do do

1/2

(4.67)

sai s6 can dugc ude tinh. Panh gia sai s6 hoi tu 1a qua trinh tim ra mot sai s6 du doan
cua chuan sai s6 nang luong phu hop khong chi & méi mirc do toan cuc ma ca & mic
d6 phan tr. Thong sé danh gia nay dugc ky hiéu e:
- Mrc @0 toan cuc
- Mtrc d6 phan tir
ge =~ llenllg (4.70)
Thong s6 danh gia nay duoc goi la chuan sai s6. Pé kiém tra do on dinh cua

chuan sai s6 bang hai chi s6 hiéu dung va dé tin cay:
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Chi s6 hiéu dung:

- Mtrc do toan cuc
&

6= (4.71)

llenllgcq)

- Mtic d6 phan tir
9, =—-: (4.72)

llenllgcqe)

Hiéu qua tinh toan chi s6 nay phai gan bang 1. Mdi chi sé hiéu dung van chua
da dé thiét 1ap do chinh xéac caa chuan sai sé6 & muac phan tir, do d6 can chi s6 xac

dinh thir hai 1a d6 tin cay cia phuong phap. Chi s6 ndy duoc xac dinh theo cong thuc:

1
SD = |31 (6, — 6)*° (4.73)

Véi Be 1a chi s6 xac dinh cho phan tir e, 8 1a chi s6 xac dinh trung binh cho toan
bo phan tir. Chi s6 SD tiém can vé 0 thi chuan sai s6 dugc xac dinh chinh xac. Ca hai
chi sb nay c6 thé duoc kiém tra lai mdi khi két qua dugc tinh ra, trong mét sé truong
hop dac biét thi cac phuong phap khac nhu phép ngoai suy Richardson sé duoc dung
dé tinh ra chuan sai s6 chinh xac cua nang luong bién dang. Chuan sai s6 dugc xem
|la chinh xac khi 2 chi s 6 va SD thoa man.

0,8<0<1,2
SD <0,2
Dua vao két qua nay, ta dé dang xac dinh sai s6 ti doi theo chuan:
- Mtrc do toan cuc

&€

R — (4.74)

,”uh”;zg;(g)"'fz

- Muc d6 dia phuong
fl, = ——t— (4.75)

Iluhll}é(geﬁsg
4.6.2. Mat d6 phan tir va toc do hoi tu

Mat d6 phan ti 12 su thay d6i s6 lugng phan tir din dén sé bac tu do thay doi

tuong ung. Khi s6 lwong phan ti ting sé 1am ting s6 bac tu do. Tuy Kiéu ting mat do
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phan tir theo kich thuée ludi (h-refinement) hay bac phan i (p-refinement) hoic dong
thoi ca hai (hp-refinement) [101].
Vi phuong thirc ting mat d phan tir theo kich thude h, chuan sai s6 nang lwong

c6 thé duoc tinh:

k

=z = ChP (4.76)
d

lu — upllgy <
N

Véi k va C 1a hang sb phu thugc vao bai toan, N 1a bac tu do, B 1a tbc do hoi tu
tiém can va d 1a mién bai toan. Khi mat do ludi tang theo bac tuyén tinh, toc do hoi
tu tiém can duoc tinh tir phuong trinh:

B = min(p, 1) (4.77)
trong d6 p 1a bac phan tir va A 1a tham sé st dung dé thé hién mic do lién tuc cuaa bai
toan. Trong tinh toan co hoc, tham sé A thuong duoc ding vai c4c gia tri 0,5; 0,544;
0,6157; 0,711, ddi véi bai toan bién dang phang thi chon A=0,711.

Phuong thirc ting mat d6 phan tir theo bac phan ti p thi chuan sai sé nang luong
duoc tinh theo bat dang thic:

lu — upllgy < = ChP (4.78)

Véi y va A 1a hing s6 ¢6 dinh, 6 > 0,5. Trong trudng hop c6 diém ky di c6 thé
ding chung cdng thic tinh (4.76) khi ting mat do phan ti theo h véi p = 2).
Mot trong nhitng ki thuat danh gia sai s6 va toc do hoi tu ciia phwong phéap phan tu
hitu han I dua trén so dd ngoai suy Richardson dugc xac dinh dya trén sy khac nhau
giita nang luong bién dang chinh x4c va nang luong bién dang cia phan tir hiru han.
- Nang luong bién dang chinh xac
U= llull3 (4.79)
- Nang luong bién dang phan tir hitu han
Up = 7 lluyll? (4.80)
Tinh chuan sai s6 theo phuong phap binh phuong téi thiéu (Least Squares

Richardson) thi chuan sai s6 ning lugng duoc xac dinh nhu sau:

leall? = 2[r(w) = 7(w)] = 155 (4:81)
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trong d6 m(u) chinh 13 niang lwong bién dang chuan, ©(un) 13 ning luong phan tu hitu
han, N 1a s6 luong phan tir va k véi B 1a tham s6 can duge xac dinh. M&i 1an tinh toan,
chuong trinh sé tinh dugc hai thong sé m(un)i, Ni, sau tdi thiéu 3 1an tinh, chuong trinh
xac dinh dugc céc thdng sé m(u), k va B theo cong thic (4.82):

m 0.5k2]
=% (@) —m(uy,) - ~2F (4.82)

Véi m 1a sé luong két qua

4.6.3. Phan tich va danh gia sai s6 theo chuan niang luwong khi mang mong
nanocomposite chiu tai bi ddu dam nano

Nham danh gia do chinh xéc 15i giai ciia mé hinh toan va luu do giai thuat da
xay dung, cac phuong phap lam min luéi kiéu h-refinement, ting bac da thirc phan
tir p-refinement, va to hop h-p refinement duoc sir dung. Diéu nay mang lai hiéu qua
trong viéc danh gia sai s6 va do tin cay cua phuong phap. Viéc danh gia sai s, toc
d6 hoi tu, 6n dinh sb theo chuan ning lugng ciia mé hinh twong thich dua trén trudng
chuyén vi, tng suat bén trong mang dugc 1ap trinh véi ngdn ngit Matlab. Bang 4.2
thé hién cac phuong phéap ting mét d6 ludi va bac phan tir dé xac dinh sai sb theo
chuan ning lugng. Bang 4.3 thé hién thoi gian tinh toan chuan nang luong bién dang
theo chuyén vi, chuan sai sb, chuan sai sé ning luong theo d6 min t6 hop h-p-
refinement cho phan tir t& giac.

Béng 4.3. Két qua ning luong bién dang theo chuyén vi, chuan sai s, chuan sai s6 ning

luong theo d6 min t6 hop h-p cho phan tir tir giac

p h 112 994 8662 11502 | 14742 | 18382 | 22422
2 13,037.85 1,826.72 | 30448 | 377.84 | 2444 35.78 | 12.48
3 11,623.48 44516 | 71.72 26.88 2.10 4.27 0.65
4 1,032.36 6.73 | 408.34 9.89 | 0.917 0.319| 0.139
5 905.53 15.28 5.29 1.76 | 0.732 0.261| 0.080
6 910.92 2.14 0.52 0.51 | 0.6343 | 0.0123 | 0.0151
7 65.02 0.77 0.30 0.10 | 0.0578 | 0.0065 | 0.0058

64




Béng 4.4. Thoi gian tinh toan chudn ning lwong bién dang theo chuyén vi, chuan sai s,

chuan sai s ning luong theo d min t6 hop h-p-refinement cho phan tir tir giac

h
112 994 | 8662 | 11502 | 14742 | 18382 | 22422
p
2 0.09 0.62| 2261 63.39 97.59 | 17291 288.68
3 0.15 1.21| 4567 | 12694 | 195.76| 348.17| 617.27
4 0.21 1.81| 6853 | 190.92| 294.32| 522.92| 971.84
5 0.28 241 | 9166 | 255.09| 39347| 696.94 | 1,215.70
6 0.34 3.03| 114.75| 319.03| 492.35| 871.19 | 1,434.02
7 0.41 3.64 | 137.85| 383.58| 590.87 |1,046.01 | 1,652.56
| T | |
25 -
?ﬂ dof=14742
g 207 dof=18382 T
= dof=22422
B 154 E=272 GPa, 32 at.% Ti _
o)
£
=
o0 10 H -
=
z
5_ .
0 T T T T T T T T T T

2 3 4 5 6 7
Bac da thuc phan tr
Hinh 4.12. Téc d6 hoi tu ciia chuan nang lugng bién dang khi ting d6 min luéi h két
hop tang bac phan ti p
Téc d6 hoi tu cua chuan niang lugng bién dang tinh toan tang theo h-refinement
(U=12,48 J, dof = 22422 bac tu do, p=2, thoi gian tinh toan 288 phut) cham hon so
Vi tang theo p-refinement (U= 2,14 J, dof = 994 bac tu do, p=6, thoi gian tinh todn
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chi 1a 3,02 phut). Khi tinh toan ting theo p & bac phan tir 7 va mat do ludi 8662 bac
tu do c6 gia tri chuin nang lugng bién dang 14 0,1 J, thoi gian tinh hét 383,58 phit,
V6i gid tri chuan nang luong bién dang twong duong (U=0,13 J) khi thuc hién tinh
toan theo h thi phai ting mat d6 ludi 18n 14742 béc tu do két hop bac phan tir 4 va
thoi gian tinh toan dén 971,84 phut (bang 4.3, 4.4). C6 thé thay rang, tc d6 hoi khi
tang bac da thirc phan tir (p-refinement) nhanh hon rat nhiéu so véi ting mat d6 luéi
(h-refinement), bén canh téc do hoi tu thi thoi gian tinh toan ting theo p ciing it hon
nhiéu so véi tang theo h. Tuy nhién, dé cd sai s6 tinh toan bé hon thi phwong phap
lam min ludi kiéu két hop ting s6 bac tu do phan tir va bac da thuc phan tir thanh to
hop hp-refinement dugc st dung.

Khi tinh toan véi d6 min ludi c6 14742, 18382, 22422 bac ty do két hop ting
bac phan tir cho thay, khi ting dén bac 3 toc do hoi tu cua chuan ning luong bién
dang xay ra rat nhanh, tir bac 3 dén bac 4 téc do hoi tu cham hon va bat dau bac 4 dén
bac 7 téc d6 hoi tu cua chuan nang luong c6 thay dbi it va giam dan dan vé gia tri xap
xi 0 (dof = 14742, U=0,0578 J; dof = 18382, U = 0,0065J, dof = 22422, U=0,0058 J,
bang 4.3, Hinh 4.12). Nhu vay, khi thuc hién tinh toan mat d6 ludi cang min va bac
da thirc phan tir 16n thi chuan nang luong bién dang giam dan vé I1an can gia tri 0, toc
d6 hoi tu tir bac da thirc 6 dén bac 7 gan nhu khong doi. Bidu nay ching té khi thuc
hién tinh todn v&i mat d6 lugi cang cao két hop bac phan ta 16n thi sy mat mat ning
lwgng trong mdi phan tir it va nang luong bién dang caa cac phan tir trong mang giam
vé trang théi can bang dudi tac dung cua tai.

Pé danh gia sai s6 chuan ning luong, viéc tinh sai s chuan sai s6 twong doi
chinh xac va chuan sai s6 tuong ddi chinh xac du doan & mat do ludi 18382 bac tu
do két hop tang bac da thirc phan tir duoc thyuc hién.

Hinh 4.13 cho thay, téc d6 hoi tu cua chuan sai s6 twong ddi chinh xac (toan
cuc) giam nhanh va hoi tu voi chuan sai s6 tuong ddi chinh xéac dy doan (phan tir) tai
bac da thuc phan tir 6. Nhu vay, bac da thic phan tir cang 1on thi chuan sai twong doi

chinh xac cang gan vai chuan sai sé du doan.
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Hinh 4.13. Chuan sai s6 twong ddi chinh xac 1y va chuan sai s twong di chinh xac du
doan 7,
Bén canh danh gia d6 chinh xac cua chuan sai sé du doan thi chi s6 hiéu dung

0 va do tin cay SD can duoc xac dinh (Hinh 4.14).

1 ! I ' I ' I ! T
1.0 1 i
0.9 - i
op 0.8 1 .
E- 1 —e— dof's=14742 (toan cuc) 1
3 0.7 ] —+— dof's=22422 (toan cuc) i
= 06 —1¢— dof's=14742 (dia phuwong) |
2 ] —+— dof's=22422 (dia phwong) ]
S 05 E=272 GPa. 32 at.% Ti ]
0.4 |
0.3 1 i

1 ! I ' I ' I ! T

2 3 4 5 6

Bac da thirc phan tir

Hinh 4.14. Chi sb hiéu dung dia phuong va toan cuc
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Hinh 4.14 thé hién chi sb hiéu dung khi tinh toan véi sé bac tu do 14742 va
22422 két hop ting bac da thic. Chi s6 hiéu dung dia phuong gan nhu tring nhau,
trong khi chi sé hiéu dung toan cuc nam trong khoang tir 0,85 dén 1, chi s6 nay nam
trong khoang sai sé cho phép 1a 0,8<0<1,2. Vi mét chi s hiéu dung chi thoa man
diéu kién can nhung chua du dé thiét lap d6 chinh xac caa chuan sai s6 & mic phan
tir, do d6 chi sé do tin cay duogc xac dinh (Hinh 4.15).

0.7+ -

0.6 —e—Dof=14.742
' —s— Dof=22.422

E=272 GPa, 32 at.% Ti1

0.3 1

D6 tin cay SD

0.2

0.1+

0.0+ .

Bac da thirc phan t
Hinh 4.15. Chi s6 do tin cay SD
Chi s6 tin cay duoc tinh véi s6 bac tu do 14742 va 22422 két hop bac da thic
phan tir. Bac da thire phan tir 2 thi chi sb tin cy trong khoang 0,6 dén 0,7, khi ting
bac da thire dén bac 6 thi chi s tin cay khoang 0,05 (sai s6 thoa man SD < 0,2) (Hinh
4.15). Bidu nay cho thay, két qua tinh todn chuan sai sb theo chuan niang lwong bién
dang ctia md hinh bai toan va luu dd giai thuat 1a phd hop.

4.6.4. So sénh md phong tng xr cua cdc mang nanocomposite va thuc nghiém

4.6.3.1. M0 phong #ng xu cua cac mang nanocomposite:
Tinh toan md phong mang mang nanocomposite TiC/a-C:H c6 tinh chat co hoc

khac nhau nhu Bang 4.5.
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Béng 4.5. Thong s vat liéu ctia cac mang nanocomposite TiC/a-C:H

Kich thudc M(? dun dan Poisson
hoi (GPa)
Dau dam nano Hinh nén 1040 0,07
Mang nanocomposite Bé day 1,3 pm 241 0,23
nc-TiC/a-C:H (18 at.%T1)
Mang nanocomposite Bé day 1,3 pm 272 0,23
nc-TiC/a-C:H (32 at.%Ti)
bé D=100 mm, 185 0,28
Bé day 450 um

T T T T T T T T T T
5 i » i
] --u-- E=241 GPa .o'/ ]
¢
s- --#-- E=272 GPa o & |
c.. I‘.
-. »
Z 3 Sl
= .-.. .l...’. -..
;..‘E .n' .l. s N
‘E 2 - .-. ... ) ./. .
© 0'.:'.. . o
i o -
el » .
| ..,,-h"""“ﬁ R
0 1 " m .
T T T T T T
0 20 40 60 80 100

Chuyén vi (nm)
Hinh 4.16. Két qua mo phong c6 dugc dudng cong gia tai — do tai ciia cac mang véi dicu
kién bién chuyén vi 100 nm
Cung mét lugng chuyén vi 100 nm nhung mang c¢é co tinh khac nhau thi gia tri
gia tai s& khac nhau duwoc thé hién nhu Hinh 4.16. C6 thé thay rang, mang
nanocomposite c6 mé dun dan hoi 272 GPa gia tai dén 5,4 mN, va khi d& tai mang

dan hoi vé 43 nm. Mang nanocomposite c6 mé dun dan hoi 241 GPa gia tai 4,5 mN,
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d& tai khoi bé mat mang thi mang dan hoi vé 60 nm. Pudng cong gia tai va do tai cua
cac mang khi chiju tai bién thién déu (khong co diém ky di), diéu nay ching té mang
van bam dinh tét trén dé.

4.6.3.2. So sanh két qud tinh toan véi két qud thuec nghiém:

Thuc nghiém xé4c dinh d6 cirng mang nanocomposite dugc tién hanh & 10 vi tri
cho mdi mau, bang phan mém xu ly sé liéu tich hop trong may tinh cho ta duong
cong gia tai va d tai. Truong hop duong cong gia tai va d tai cé diém ky di 1a mang
d3 bi pha huy. Nguoc lai néu khong c6 diém ky di 1a mang van bam dinh tét va khong
bi v& trong qua trinh thir. Sir dung chuong trinh tinh da 1ap, két qua tinh toan dwoc so
sanh véi két qua thuc nghiém, trong do tac gia lay s liéu moé dun dan hdi ban dau
Eo=241 GPa tir thyc nghiém xac dinh co tinh cia mang. Gia thiét lién két giira mang
va dé 1a 1y tuang, cac hat tinh thé TiC phan tan déng déu trén nén DLC, dau dam
bang kim cuong (cung tuyét doi). Két qua so sanh véi thyc nghiém duoc thé hién nhu
Hinh 4.17.

- -+~ - Thyc nghiém ‘f
4 - - -= - Tinh toan -

-20 l 0 20 40 60 80 | l(l)O | 120 | 1;10
Chuyén vi (nm)
Hinh 4.17. Buong cong gia tai — d& tai dudi tic dung cta dau dam nano theo tinh toén va
thuce nghi¢m
Hinh 4.17 cho thay mili dot ddm siu vao mang 130 nm sau d6 rat tai mang van

bam dinh tét trén dé (duong cong gia tai va dd tai khong xuat hién nhiing diém ky
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di). Két qua tinh toan va thuc nghiém kha dong dang va sai sé trong pham vi chap
nhan dugc, diéu nay cho thay thuat toan va chuong trinh tinh di 1ap & trén c6 co sO

tin cay.
4.7. Két luan chwong 4

Mot s6 két qua chinh trong chuong nay:

- Phuong phép str dung ddu ddm nano cho thy hiéu qua trong viéc xac dinh co
tinh cua mang mong.

- Thuat toan va chuong trinh tinh nham phan tich &ng xir tinh phi tuyén cua
mang nanocomposite véi nén cacbon gidng kim cwong di duoc thiét lap, chuong
trinh tinh dugc kiém chang vai két qua thuc nghiém cho thay tinh tin cay cao. Md
phong sb di xac dinh trudng tng suat, bién dang ciia mang nanocomposite vai nén
cachon giéng kim cuong chiu tac dung cia dau ddm nano.

- Chuong trinh tinh tinh toan, mé phong duoc thiét 1ap 1a cong cu tét cho viéc

khao sat do bén va tinh tin cay caa mang mong pha trén cac loai vat liéu khac nhau.
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KET LUAN VA KIEN NGHI

1. Két luan

- Phwong phap két hop PVD va CVD cho téc ¢6 phu mang nanocomposite c6
nén DLC cao hon nhiéu (gap 2 1an) so vai phlin xa magnetron thuan tdy. Mang duoc
ché tao c6 d6 cing va tinh chdng mon tét hon rat nhiéu so véi mang phu bang phuong
phap hoa hoc.

- Thong qua cac thi nghiém, tac gia da xac dinh duoc cac théng sé phi hop dé
phi mang c6 cau tric nanocomposite. Cau tric té vi cia mang dé dang duoc thay doi
thong qua viéc thay doi mat o nang lwong cua bia Ti.

- Cac mang nanocomposite c6 do ctirng cao (20-30 GPa), ng suat du thap (1-2
GPa), bam dinh 1én bé mit chi tiét phua rat tot va hé s6 ma sat vai thép trong diéu
kién khong béi tron khi trwot rit nhé (0,17-0,19). Piéu nay cho thdy mang
nanocomposite c6 nén DLC vwot troi so véi cdc mang chong mon thdong thwong
dang dwoc st dung, nhu: carbide hoac nitride.

- Thuat toan va chuong trinh tinh dugc lap cho phép phén tich tng xtr tinh phi
tuyén cuia mang nanocomposite véi nén cacbon gidng kim cuong 1a cong cu hitu hiéu
dé tinh toan, khao sét, lya chon céac théng sé hop Iy phuc vu ché tao mang

nanocomposite nén cacbon gidng kim cuong tng dung trong thyc tién.
2. Kién nghi

Dé tai luan an c6 thé phét trién theo cac hudng sau day:

- Nghién ciu thuc nghiém mang nanocomposite phu trén céc chi tiét cu thé
(vong gang dong co, banh ring, thiét bi cit va gia cong kim loai, ...).

- Nghién ctru thuc nghiém tinh chat ciia mang nanocomposite khi dugc phu Ién
cac vat liéu khéng kim loai (nhya, cao su).

- Phat trién Iy thuyét va xay dung phan mém lén cp do cao hon dé tinh toan va
mo phong mang nanocomposite khi chiu tai phuc tap (qué trinh ma sat, anh huong

cua nhiét, ...
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van tai, s6 8, 2020.
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CHUONG TRINH TiNH

MAIN.M
%%%%%% %% %% %%%% %% % %%
clear all;

clc;

tic;

feval('setpath’)
path(path,"./integrations')
path(path,'./meshing’)
path(path,'./plotting")
path(path,"./subfunctions’)

global node element elemType

%

% INPUT PARAMETERS
E=241; %GPa

nu=0.23 ;

D=1200;

L=3000;

Isteps=700;

rsteps=300;

phi=0.2; %grad

tsi=19.6; %grad

c=1,

mesh=90:

hh=133; %nm %maximum depth
forexp =1 %[1 2 4]
numx=mesh*exp;

numy=round(D/(L/numx));



gamma=0.3;
load _edgel=0;
elemType ='Q4';
ex1 =(numy/30)*2;
di=0;
forluoi=2%[234567 8]
normal_order =luoi;
nsteps=Isteps+rsteps;
df=-600;
maxit=200;
tol=1e-3;
filename = ['E' num2str(E) ‘loadx’ num2str(numx) 'y num2str(numy) "
numz2str(elemType) ‘o' num2str(normal_order) ".mat'];
fileU = ['E' num2str(E) 'UexactUnum x' num2str(numx) 'y' num2str(numy) "
numz2str(elemType) ‘o' num2str(normal_order) '.m';
fileDof = [E' num2str(E) 'DofUfem x' num2str(numx) 'y' num2str(numy) "
num2str(elemType) ‘o' num2str(normal_order) .m';
%
C= E*107(9-12)/(1+nu)/(1-2*nu)*[ 1-nu nu O nu;nu 1-nu 0 nu;0 0 0.5-nu O;nu nu 0
1-nu];
dt=4*(1+nu)*(1-2*nu)/(E*10"(9-12)*(1-2*nu+(sind(phi))"2));
ptl =[0-D/2];
pt2 =[ L -D/2];
pt3=[L D/2];
ptd =[0 D/2];
disp([num2str(toc),, MESH GENERATION...."])
switch elemType
case {'Q9','Q8','Q4','T3'}
[node,element] = mesh_region(ptl, pt2, pt3, pt4,numx,numy,elemType);



otherwise
[node,element] =mesh_t6_elem(L,D,numx,numy);

end
[topEdge,topEdgel,dispNodes,dispNodesl,leftNodesl]=supportcond(elemType,nu
mx,numy);
ko=1-sind(phi); % kO according to Jacky's equation
sigmatox=0; % set horizontal loading zero
numnode = size(node,1);
numelem = size(element,1);
nonelm=size(element,2);
total_unknown = 2*numnode;
udofs = [(dispNodes.*2)-1;(dispNodes1.*2)-1]; %prescribed disp.in x-dir
vdofs = dispNodes.*2; %prescribed disp. in y-dir
dofs=union(udofs(:),vdofs(:)); %overall prescribed disp.
unknowndof=setdiff((1:total_unknown)',dofs);
xs=1:2:2*numnode-1; % x portion of u and v vectors
ys=2:2:2*numnode; % y portion of u and v vectors
disp([num2str(toc),’” STIFFNESS MATRIX COMPUTATION...."7)
K=stiffness_matrix(node,element,elemType,normal_order,C);
load_edge2 = node(2,1);
%%

disp([num2str(toc),’ INITIAL STRESS WITH KO PROCEDURE....7)
selfwt=selfwt_matrix(elemType,normal_order,gamma,node,element);sigmatoy=0;
switch elemType

case {'Q9','Q8','T6'}

[f,sctry]=force_matrix689(node,topEdge,topEdgel,sigmatoy,sigmatox,load_edgel,|
oad_edge2);
case{'Q4','T3'}



[f,sctry]=force_matrix(node,topEdge,sigmatoy,sigmatox,load_edgel,load_edge?2);
end
[U,~,u_y] =displacements(dispNodes,dispNodes1,numnode,K,f,selfwt);
[stress,strain] =stress_calculation(node,element,elemType,U,normal_order,C);
stress(1,:,:)=ko*stress(2,:,:); stress(4,:,:)=ko*stress(2,:,:);
%
switch elemType
case {'Q9','Q8','Q4'}
ule=numelem-numx+1;stp=1,;
case {'T3,'T6'}
ule=(2*numx*numy)-2*numx+2;stp=3;
end
strainP=zeros(4,nonelm,numelem); % set parameters to zero
stress_tr=zeros(4,nonelm,numelem);
ui=zeros(total_unknown,1);load=0;
force=zeros(total_unknown,1);
f_old=zeros(total_unknown,1);
r=zeros(total_unknown,1);
b=zeros(total _unknown,1);
du=zeros(total_unknown,1);
dgds=zeros(4,nonelm,numelem);
stressule=stress(:,stp,ule);
[p,q,~] = invariants(stressule);
% prepare space for plotting data
pvg=zeros(2,nsteps+1);  pvq(l,1)=p(1); pva(2,1)=q(1);
evsyy=zeros(2,nsteps+1); evsyy(1,1)=0; evsyy(2,1)=stress(2,stp,ule);
epsvg=zeros(2,nsteps+1); epsvq(l,1)=0; epsvq(2,1)=q(1);
fvu=zeros(2,nsteps+1); fvu(1,1)=0; fvu(2,1)=0;



II=zeros(1,nsteps);
sigmatoy=0;
%%
% start load stepping
for steps=1:Isteps
if steps ==1
lI(steps)=1;
else
if round((u_y(end,:)/cos(tsi))/node(2,1)) < 1
lI(steps)=1;
else
l1(steps)= round((u_y(end,:)/cos(tsi))/node(2,1));
end
end
load_edge2 = node(1+lI(steps),1);
disp([num2str(toc),’ Load step ',num2str(steps)])
stepno=steps;
err=0.05; nit=0;
if u_y(end,:) <hh
sigmatoy=-abs(df/((load_edge2)"2));
% sigmatoy=-abs(df/(load_edge2*sin(tsi)*0.5));
else
sigmatoy=di;
end
switch elemType
case {'Q9','Q8','T6'}

[f,sctry]=force_matrix689(node,topEdge,topEdgel,sigmatoy,sigmatox,load_edgel,l
oad_edge2);



case{'Q4','T3'}
[f]=force_matrix(node,topEdge,sigmatoy,sigmatox,load_edgel,load_edge2);
end

r=zeros(total_unknown,1); % reset unknown variables to zero
DEPS_PLA=zeros(4,nonelm,numelem);

Du=zeros(total _unknown,1);

du_old=zeros(total_unknown,1);
Deps=zeros(4,nonelm,numelem);
dsig_pla=zeros(4,nonelm,numelem);
Dsig=zeros(4,nonelm,numelem);

deps_pla=zeros(4,nonelm,numelem);

% start iteration loop
while (err>tol) && (nit<maxit)

nit=nit+1;

du(unknowndof)=K(unknowndof,unknowndof)\f(unknowndof);
Du=Du+du;
foriel =1 :numelem % start looping on all elements
sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr);

[W,Q] = gauss_rule(iel,elemType,normal_order);

for kk = 1:nn % start looping on all gauss points
pt = Q(kk,:);
[N,dNdxi] = shape_func(elemType,pt);
JO = node(sctr,:)*dNdxi;



Bfem4 =Bmatrix4(pt,elemType,iel);
Deps(:,kk,iel)=Bfem4*du(eldof);

Deps(end,:)=0;

Dsig(:,kk,iel)= C*(Deps(:,kk,iel)-DEPS_PLAC(: kk,iel));
stress_tr(:,kk,iel)=stress(:,kk,iel)+Dsig(:,kk,iel);

[p,q,theta] =invariants2(kk,iel,stress_tr);
F=p*sind(phi)+qg*((cosd(theta)/sqrt(3))-(sind(theta)*sind(phi)/3))-c*cosd(phi);

if F<0
stress(:,kk,iel)=stress_tr(:,kk,iel);
err=0;
else
[m1,m2,m3] = formm(kk,iel,stress_tr);
[dg1,dg2,dg3] =formdg(tsi,q,theta);
dgds(:,kk,iel)=(dgl*ml+dg2*m2+dg3*m3)*stress_tr(:,kk,iel);
deps_pla(:,kk,iel)=dt*F*dgds(:,kk,iel);
DEPS _PLA(:,kk,iel)=DEPS_PLA(:,kk,iel)+deps_pla(:,kk,iel);
if nit==1
err=1;
else
err=max(abs(du_old(2:2:end)-du(2:2:end)));

end
end
r(eldof) =r(eldof)+Bfem4'*(C*deps_pla(:,kk,iel))*W(kk)*det(JO);

end % end of looping on GPs

f(sctry)=f(sctry)+r(sctry);



end % end of looping on elements

du_old=du;f _old=f;

end %end of iteration

stress(:,kk,iel)=stress_tr(:,kk,iel);

s=permute(stress,[2 1 3]); sigma=permute(stress,[3 2 1]);
ui=ui+Du;

u_x=ui(1:2:2*numnode-1) ;

u_y=ui(2:2:2*numnode) ;

strain=strain+Deps;

strainP=strainP+DEPS_PLA,;

xxx=strain(2,stp,ule);

yyy=stress(2,stp,ule);
eps_vol=strainP(1,stp,ule)+strainP(2,stp,ule)+strainP(4,stp,ule);
stressule=stress(:,stp,ule);

[p,q,~] = invariants(stressule);

pvq(l,steps+1)=p(end,:);

pvq(2,steps+1)=q(end,:);
epsvq(l,steps+1)=eps_vol(end,:);
epsvq(2,steps+1)=q(end,:);

evsyy(1,steps+1)=xxx(end,:);
evsyy(2,steps+1)=yyy(end,:);

ux_exact = reshape(u_x,numnode,1);
uy_exact = reshape(u_y,numnode,1);
UnumX = Du(xs)/norm(Du(xs));
fvu(l,steps+1)=u_y(end,:);



if fvu(1,steps) < hh
load=load +sigmatoy;
else
load=load+di;
end
fvu(2,steps+1)=load(end,:);
end %end of load step
dfr=1200;
Eold=E;
E=Eold+abs(evsyy(2,Isteps))/(abs(evsyy(1,lsteps)))*10"3;
C=E*107(9-12)/(1+nu)/(1-2*nu)*[ 1-nu nu 0 nu;nu 1-nu 0 nu;0 0 0.5-nu O;nu nu 0 1-
nu];
dt=4*(1+nu)*(1-2*nu)/(E*10"(9-12)*(1-2*nu+(sind(phi))"2));
K=stiffness_matrix(node,element,elemType,normal_order,C);
[U,u_x,u_y] =displacements(dispNodes,dispNodes1,numnode,K,f,selfwt);
[stress,strain] =stress_calculation(node,element,elemType,U,normal_order,C);
stress(1,:,:)=ko*stress(2,:,:); stress(4,:,:)=ko*stress(2,:,:);
stressule=stress(:,stp,ule);
[p,q,theta] = invariants(stressule);
0d=30:
op=steps-(rsteps-o0d)/2;
for steps=(Isteps+1):nsteps
disp([num2str(toc),’ Unload step ',num2str(steps)])
stepno=steps;
err=1; nit=0;
if round((u_y(end,:)/cos(tsi))/node(2,1)) < 1
lI(steps)=1;
else
l1(steps)= round((u_y(end,:)/cos(tsi))/node(2,1));



end

load_edge2 = node(1+lI(steps),1);
if fvu(2,steps) <0
sigmatoy=dfr/((load_edge2)"2);
else
sigmatoy=di;
end
switch elemType
case {'Q9','Q8','T6'}
[f,sctry]=force_matrix689(node,topEdge,topEdgel,sigmatoy,sigmatox,load_edgel,l
oad_edge2);
case{'Q4','T3'}
[f]=force_matrix(node,topEdge,sigmatoy,sigmatox,load_edgel,load_edge2);
end
r=zeros(total_unknown,1); % reset unknown variables to zero
DEPS_PLA=zeros(4,nonelm,numelem);
Du=zeros(total_unknown,1);
du_old=zeros(total_unknown,1);
Deps=zeros(4,nonelm,numelem);
dsig_pla=zeros(4,nonelm,numelem);
Dsig=zeros(4,nonelm,numelem);
deps_pla=zeros(4,nonelm,numelem);
% start iteration loop
while (err>tol) && (nit<maxit)
nit=nit+1;
du(unknowndof)=K(unknowndof,unknowndof)\f(unknowndof);
Du=Du-du;

foriel =1 :numelem % start looping on all elements
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sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr);
[W,Q] = gauss_rule(iel,elemType,normal_order);
for kk = 1:nn % start looping on all gauss points
pt = Q(kK,’);
[N,dNdxi] = shape_func(elemType,pt);
JO = node(sctr,:)*dNdxi;
Bfem4 =Bmatrix4(pt,elemType,iel);
Deps(:,kk,iel)=Bfem4*du(eldof);
Deps(end,:)=0;
Dsig(:,kk,iel)= C*(Deps(:,kk,iel)-DEPS_PLAC(; kk,iel));
stress_tr(:,kk,iel)=stress(:,kk,iel)+Dsig(:,kk,iel);
[p,q,theta] =invariants2(kk,iel,stress_tr);
F=p*sind(phi)+qg*((cosd(theta)/sqrt(3))-(sind(theta)*sind(phi)/3))-c*cosd(phi);
if F<0
stress(:,kk,iel)=stress_tr(:,kk,iel);
err=0;
else
[m1,m2,m3] = formm(Kkk,iel,stress_tr);
[dg1,dg2,dg3] =formdg(tsi,q,theta);
dgds(;,kk,iel)=(dgl*ml+dg2*m2+dg3*m3)*stress_tr(:,kk,iel);
deps_pla(:,kk,iel)=dt*F*dgds(:,kk,iel);
DEPS PLAC(:,kk,iel)=DEPS_PLA(:,kk,iel)+deps_pla(:,kk,iel);
if nit==1
err=1,
else
err=max(abs(du_old(2:2:end)-du(2:2:end)));

end
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end
r(eldof) =r(eldof)+Bfem4*(C*deps_pla(:,kk,iel))*W(kk)*det(JO);

end % end of looping on GPs

f(sctry)=f(sctry)+r(sctry);

end % end of looping on elements

du_old=du;f old=f;

end %end of iteration
stress(:,kk,iel)=stress_tr(:,kk,iel);
s=permute(stress,[2 1 3]); sigma=permute(stress,[3 2 1]);
ui=ui-Du:;
u_x=ui(1:2:2*numnode-1) ;
u_y=ui(2:2:2*numnode) ;
strain=strain+Deps;
strainP=strainP+DEPS_PLA,
xxx=strain(2,stp,ule);
yyy=stress(2,stp,ule);
eps_vol=strainP(1,stp,ule)+strainP(2,stp,ule)+strainP(4,stp,ule);
stressule=stress(:,stp,ule);
[p,q,theta] = invariants(stressule);
pvq(l,steps+1)=p(end,:);
pvq(2,steps+1)=q(end,:);
epsvq(1,steps+1)=eps_vol(end,:);
epsvq(2,steps+1)=q(end,:);
evsyy(1,steps+1)=xxx(end,:);
evsyy(2,steps+1)=yyy(end,:);
ux_exact = reshape(u_x,numnode,1);
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uy_exact = reshape(u_y,numnode,1);
UnumX = Du(xs)/norm(Du(xs));
fvu(l,steps+1)=u_y(end,:);
if (load+sigmatoy)<0
load=load+sigmatoy;
else
load=di;
end
fvu(2,steps+1)=load(end,:);
op=op-1;
od=od-1;
end %end of unload step
%%  saving data to file
toc;
time=toc/60;
EU=0.5*r*K*r; % energy for numerical
filelD = fopen(fileDof,'a");
data=[total_unknown EU]J;
fprintf(filelD," %210.15f %40.15f \n',data);
fclose(filelD);
UnumY = Du(ys)/norm(Du(ys));
Unum = sqrt (UnumX.A2+UnumY."2);
UexactX = ux_exact/norm(ux_exact);
UexactY = uy_exact/norm(uy_exact);
Uexact = sgrt (UexactX.2 + UexactY."2);
filelD = fopen(fileU,'a");
datal=[Uexact Unum];
fprintf(filelD," %210.15f %40.15f \n',datal);
fclose(filelD);
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save(filename);

end

end

%%

disp([num2str(toc)," Plotting Figures...."])

figure

hold on

plot(abs(pvq(l,:)),pva(2,:),--b*''linewidth',2);
xlabel({'mean stress'},'FontSize',16);
ylabel({'deviatoric stress'},'FontSize',16);

figure

hold on

plot(abs(epsvq(l,:)),epsvq(2,:),"--r*" 'linewidth’,2);
xlabel({'volumetreic strain'},'FontSize',16);
ylabel({'deviatoric stress'},'FontSize',16);
figure

hold on

plot(abs(evsyy(1,:)),abs(evsyy(2,:)),--r*','linewidth’,2);
xlabel({'vertical strain'},'FontSize',16);
ylabel({'vertical stress'},'FontSize’,16);
figure

hold on

plot(abs(fvu(l,:)),abs(fvu(2,:)),--r*', linewidth’,2);
xlabel({'vertical displacement'},'FontSize',16);
ylabel({'load'},'FontSize’,16);

% Plot the FEM mesh

plot_m(elemType,dispNodes,dispNodes1)

title('Undeformed FE mesh’)

%Plot numerical deformed configuration
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dispnorm=L/max(sqrt(u_x."2+u_y."2));

fac =dispnorm*0.05; %magnification factor
plot_def(fac,u_x,u_y,elemType,dispNodes,dispNodesl);

%plot stress and deformation intensity with a colormap
plot_defo(fac,u_x,u_y,elemType)

plot_sig(fac,u_x,u_y,elemType,sigma)

disp([num2str(toc),” End...."])

SUBFUNCTION

function [U,u_x,u_y] =displacements(dispNodes,dispNodes1,numnode,K,f,selfwt)
% evaluates the unknown degree of freedom (displacements) at the nodes
total_unknown=2*numnode;

udofs = [(dispNodes.*2)-1;(dispNodes1.*2)-1]; %prescribed disp.in x-dir
vdofs = dispNodes.*2; %prescribed disp. in y-dir
dofs=union(udofs(:),vdofs(:)); %overall prescribed disp.
unknowndof=setdiff((1:total_unknown)',dofs);
F=f(unknowndof)+selfwt(unknowndof;
u=K(unknowndof,unknowndof)\F;

U=zeros(total _unknown,1);

U(unknowndof)=u;

u_x=U(1l:2:2*numnode-1) ; %1357 ...

u_y =U(2:2:2*numnode) ; %2468 ...

end % end of function

function C = elastic_matrix(node,element,elemType,normal_order,K)

% Generates the element and global stiffness matrix

numnode = size(node,1);

numelem = size(element,1);

total _unknown = numnode*2;

%C = zeros(total_unknown,total_unknown);

foriel =1 : numelem
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sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr); %element degree of freedom
[W,Q] = gauss_rule(iel,elemType,normal_order);
for kk =1 : size(W,1) % Loop on Gauss points

pt = Q(KKk,:); % quadrature point

[N,dNdxi] = shape_func(elemType,pt);

JO = node(sctr,:)*dNdxi; % element Jacobian matrix

Bfem =Bmatrix(pt,elemType,iel);

% K(eldof,eldof) = K(eldof,eldof)+Bfem'*C(1:3,1:3)*Bfem*W(kk)*det(JO);
C(1:3,1:3)=K(eldof,eldof)\Bfem*Bfem*W (kk)*det(JO);

end % end of looping on Gauss Points
end

end % end of function
function eldof =elementdof(elemType,sctr)
% forms the global degree of freedom nodes in each element from the node
% identification number.
switch (elemType)
case 'Q9'
eldof=[sctr(1)*2-1;sctr(1)*2;...
sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2;...
sctr(4)*2-1;sctr(4)*2;...
sctr(5)*2-1;sctr(5)*2;...
sctr(6)*2-1;sctr(6)*2;...
sctr(7)*2-1;sctr(7)*2;...
sctr(8)*2-1;sctr(8)*2;...
sctr(9)*2-1;sctr(9)*2];

case 'Q8'
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eldof=[sctr(1)*2-1;sctr(1)*2;...

sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2;...
sctr(4)*2-1;sctr(4)*2;...
sctr(5)*2-1;sctr(5)*2;...
sctr(6)*2-1;sctr(6)*2;...
sctr(7)*2-1;sctr(7)*2;...
sctr(8)*2-1;sctr(8)*2];

case 'Q4'

eldof=[sctr(1)*2-1;sctr(1)*2;...

sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2;...
sctr(4)*2-1;sctr(4)*2];

case 'T6'

eldof=[sctr(1)*2-1;sctr(1)*2;...

sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2;...
sctr(4)*2-1;sctr(4)*2;...
sctr(5)*2-1;sctr(5)*2;...
sctr(6)*2-1;sctr(6)*2];

case 'T3'

eldof=[sctr(1)*2-1;sctr(1)*2;...

sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2];

case 'L3'

eldof=[sctr(1)*2-1;sctr(1)*2;...

sctr(2)*2-1;sctr(2)*2;...
sctr(3)*2-1;sctr(3)*2];

case 'L2'
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eldof=[sctr(1)*2-1;sctr(1)*2;...
sctr(2)*2-1;sctr(2)*2];

end
end % end of function
function
[f,sctry]=force_matrix(node,topEdge,sigmatoy,sigmatox,load_edgel,load_edge2)
% Generates the force matrix due to externally applied loads
% for Q4 and T3 elements and the location of these loads
numnode = size(node,1);
total _unknown = numnode*2;
f = zeros(total_unknown,1);
[W,Q]=gauss_pt wt(1,'GAUSS'1);
lil=intersect(find(node(:,1)==load_edgel),unique(topEdge));
jj1=intersect(find(node(:,1)==load_edge2),unique(topEdge));
1i2=find(topEdge(:,1)==iil);
jj2=find(topEdge(:,2)==jj1);
for e =ii2:jj2

sctr = topEdge(e,:);

Ssctry = sctr.*2 ;

sctrx = sctr.*2-1;

for g=1:size(W,1)
pt = Q(q,’);
wt = W(a);
N =shape_func('L2',pt);

JO = abs( node(sctr(2))-node(sctr(1)) )/2;

f(sctry) = f(sctry) + N*sigmatoy*det(JO)*wt;

f(sctrx) = f(sctrx) + N*sigmatox*det(JO)*wt;

end % end of quadrature loop

end % end of element loop
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end % end of function
function [m1,m2,m3] = formm(kk,iel,stress)
%Generates the partial derivatives of the p, J2 and J3 with respect to
%stress for use in the plastic potential derivative.
s_xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
pl=(s_xx+s_yy+s_zz)/3;
SX=S_XX-pl;
sy=s_yy-pl;
sz=s_zz-pl;
m1=1/(3*(s_xx+s_yy+s zz))*[1101;1101;,0000;1101];
m2=1/3*[2-10-1;-120-1;0060;-1-10 2];
m3=1/3*[sx sz t_Xy Sz;Sz Sy t_Xy SX;t_Xy t_Xy -3*sz -2*t_Xy;Sz sX -2*t_Xy sz];
end % emd of function
function [r] = internalrxn( node,element,elemType,normal_order,stress)
%Generates the vector of nodal force reactions due to internal stress. it
%can be used out side the iteration loop if the stresses at each gauss
%point is given.
numnode = size(node,1);
numelem = size(element,1);
total _unknown = numnode*2;
r=zeros(total_unknown,1);
for iel =1 : numelem
sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr);  %element degree of freedom
[W,Q] = gauss_rule(iel,elemType,normal_order); % determine GP
forkk =1 :nn

pt =Q(kk,:);
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[N,dNdxi] = shape_func(elemType,pt);

JO = node(sctr,:)*dNdxi;

Bfem4 =Bmatrix4(pt,elemType,iel);

r(eldof) =r(eldof)+Bfem4'*stress(:,kk,iel)*W(kk)*det(JO);
end % end of looping on Gauss Points

end % end of looping on elements

end % end of function

function [p,q,theta] = invariants( stress )

%calculates the stress invariants for a single gauss point
s _xx=stress(1);s_yy=stress(2);
t_xy=stress(3);s_zz=stress(4);
p=(S_XX+s_yy+s zz)/3;
t=sqrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_xx)"2+6*t_xy”~2)/sqrt(3);
q=sqrt(1.5)*t;

SX=S_XX-P;
SY=S_YY-p;
Sz=S_7z-p;
if q<le-6
theta=0;
else
J3=sx*sy*sz-(sx*t_xy"2);
sine=-3*j3*sqrt(6)/t"3;
if sine>1;
sine=1;
end
if sine<-1;
sine=-1;
end
theta=1/3*(asind(sine));
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end
end % end of function
function [p,q,theta] =invariants1(element,stress)
% calculates the stress invariants at each gauss point.This can be used
% outside the iteration loop.
numelem=size(element,1);
nonelm=size(element,2);
p=zeros(1,nonelm,numelem);
g=zeros(1,nonelm,numelem);
theta=zeros(1,nonelm,numelem);
for iel =1 : numelem
sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
for kk = 1:nn s_xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
pl=(s_xx+s_yy+s zz)/3;
t=sqrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_Xx)"2+6*t_xy"2)/sqrt(3);
ql=sqrt(1.5)*t;
SX=S_XX-pl;
sy=s_yy-pl;
sz=s zz-pl;
if ql<le-6
thetal1=0;
else
J3=sx*sy*sz-(sx*t_xy"2);
sine=-3*j3*sqrt(6)/t"3;
if sine>1;
sine=1,;

end
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if sine<-1;

sine=-1;
end
thetall=1/3*(asind(sine));
end

p(:,kk,iel)=p1;

q(:,kk,iel)=q1;

theta(:,kk,iel)=thetall,

end % end of looping on GPs

end % end of looping on elements
end % end of function

function [p,q,theta] =invariants2(kk,iel,stress)
% calculates the stress invariants at each gauss point.This can be used
% inside the iteration loop. s_xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
p=(s_Xx+s_yy+s zz)/3;
t=sqrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_xx)"2+6*t_xy”"2)/sqrt(3);
g=sqrt(1.5)*t;
SX=S_XX-P;
SY=S_YYy-p;
Sz=S_7z-p;
if q<le-6
theta=0;
else
J3=sx*sy*sz-(sx*t_xy”"2);
sine=-3*j3*sqrt(6)/t"3;
if sine>1;
sine=1,;

end

22



if sine<-1;
sine=-1;
end
theta=1/3*(asind(sine));
end
end % end of function
function [dfds] =makedfds(phi,element,iel kk,stress)
%Forms the partial derivatives of the yield function with
%respect to stress at each gauss point.
numelem=size(element,1);
nonelm=size(element,2);
dfds=zeros(4,nonelm,numelem); s_xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
pl=(s_xx+s_yy+s zz)/3;
t=sqrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_xx)"2+6*t_xy”~2)/sqrt(3);
ql=sqrt(1.5)*t;
SX=S_XX-pl;
sy=s_yy-pl;
sz=s_zz-pl;
J2=-SX*SYy-Sy*Sz-SZ*SX+t_Xy"2;
J3=sx*sy*sz-(sx*t_xy"2);
th=-3*sqrt(3)*j3/(2*j2"1.5);
if th>1
th=1;
end
if th<-1
th=-1;
end
thetal=asind(th)/3;
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if sind(thetal)>0.49 % close to theta=30 corner,smoothen the curve

% with triaxial compression case s1 >s2 = s3

sw=-1; cphi=0.25*sqrt(3/j2)*(1+(sw*sind(phi)/3));
dfds(:,kk,iel)=[(sind(phi)/3)+sx*cphi;...
(sind(phi)/3)+sy*cphi;...
t xy*cphi;...
(sind(phi)/3)+sz*cphi];

elseif (-1*sind(thetal))>0.49 % close to theta=-30 corner,smoothen the curve

% curve with triaxial extension case s1 =s2 > s3

sw=1; cphi=0.25*sqrt(3/j2)*(1+(sw*sind(phi)/3));
dfds(:,kk,iel)=[(sind(phi)/3)+sx*cphi;...
(sind(phi)/3)+sy*cphis;...
t_xy*cphi;...
(sind(phi)/3)+sz*cphi];
else

alpha=atand(abs((s_xx-s_yy)/(2*t_xy))); % all other conditions
k1=1:k2=1;
if abs(s_xx)>abs(s_yy)
kl=-1;
end
ift xy <0
k2=-1:
end
dfds(:,kk,iel)=[sind(phi)+k1*sind(alpha);...
sind(phi)-k1*sind(alpha);...
2*k2*cosd(alpha);...
0];
end

end % end of function
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function [dgds] =makedgds(tsi,element,iel kk,stress)
%Forms the partial derivatives of the plastic potential function with
%respect to stress at each gauss point.
numelem=size(element,1);
nonelm=size(element,2);
dgds=zeros(4,nonelm,numelem); s _xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
pl=(s_Xxx+s_yy+s zz)/3;
t=sgrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_xx)"2+6*t_xy”~2)/sqrt(3);
ql=sqrt(1.5)*t;
SX=S_XX-pl;
sy=s_yy-pl;
sz=s zz-pl;
J2=-SX*Sy-Sy*Sz-Sz*sx+t_Xxy"2;
J3=sx*sy*sz-(sx*t_xy"2);
th=-3*sqrt(3)*j3/(2*j2"1.5);
if th>1
th=1;
end
if th<-1
th=-1;
end
thetal=asind(th)/3;
if sind(thetal)>0.49 % close to theta=30 corner,smoothen the curve
% with triaxial compression case s1 > s2 = s3
sw=-1; ctsi=0.25*sqrt(3/j2)*(1+(sw*sind(tsi)/3));
dgds(:,kk,iel)=[(sind(tsi)/3)+sx*ctsi;...
(sind(tsi)/3)+sy*ctsi;...

t_Xxy*ctsi;...
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(sind(tsi)/3)+sz*ctsi];
elseif (-1*sind(thetal))>0.49 % close to theta=-30 corner,smoothen the curve
% curve with triaxial extension case s1 =s2 > s3
sw=1;
ctsi=0.25*sqrt(3/j2)* (1+(sw*sind(tsi)/);
dgds(:,kk,iel)=[(sind(tsi)/3)+sx*ctsi;...
(sind(tsi)/3)+sy*ctsi;...
t_Xxy*ctsi;...
(sind(tsi)/3)+sz*ctsi];
else
alpha=atand(abs((s_xx-s_yy)/(2*t_xy))); % all other conditions
k1=1:k2=1;
if abs(s_xx)>abs(s_yy)
kl=-1;
end
ift xy <0
k2=-1;
end dgds(:,kk,iel)=[sind(tsi)+k1*sind(alpha);...
sind(tsi)-k1*sind(alpha);...
2*k2*cosd(alpha);.. 0];
end
end % end of function
function [CP] = plastic_mat(E,nu,phi,tsi,iel kk,stress)
% Generates the plastic constitutive matix CP at each gauss point
s_xx=stress(1,kk,iel);s_yy=stress(2,kk,iel);
t_xy=stress(3,kk,iel);s_zz=stress(4,kk,iel);
pl=(s_xx+s_yy+s_zz)/3;
t=sqrt((s_xx-s_yy)"2+(s_yy-s_zz)"2+(s_zz-s_xx)"2+6*t_xy”"2)/sqrt(3);
g=sqrt(1.5)*t;
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SX=S_XX-pl;
sy=s_yy-pl;
sz=s_zz-pl;
J2=-SX*Sy-Sy*Sz-SZ*sx+t_Xy"2;
J3=sx*sy*sz-(sx*t_xy"2);
th=-3*sqrt(3)*j3/(2*j2"1.5);
if th>1
th=1;
end
if th<-1
th=-1;
end
thetal=asind(th)/3;
if sind(thetal)>0.495 % close to theta=30 corner,smoothen the curve
% with triaxial compression case s1 > s2 =s3
sw=-1; cphi=0.25*sqrt(3/j2)*(1+(sw*sind(phi)/3));
ctsi=0.25*sqrt(3/j2)*(1+(sw*sind(tsi)/3));
kphi=sind(phi)*(1+nu)/3;
ktsi=sind(tsi)*(1+nu)/3;
cl=kphi+cphi*(sx*(1-nu)+nu*(sy+sz));
c2=kphi+cphi*(sy*(1-nu)+nu*(sx+sz));
c3=cphi*(1-2*nu)*t_xy;
cd=kphi+cphi*(sz*(1-nu)+nu*(sx+sy));
rl=ktsi+ctsi*(sx*(1-nu)+nu*(sy+sz));
r2=ktsi+ctsi*(sy*(1-nu)+nu*(sx+sz));
r3=ctsi*(1-2*nu)*t_xy;
rd=ktsi+ctsi*(sz*(1-nu)+nu*(sx+sy));
A=[r1*cl rl*c2 r1*c3 r1*c4;...
r2*cl r2*c2 r2*c3 r2*c4,...
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r3*cl r3*c2 r3*c3 r3*c4;...
rd*cl rd*c2 r4*c3 r4*c4];
CP=E*A/((1+nu)*(1-2*nu)*(kphi*sind(tsi)+2*cphi*ctsi*j2*(1-2*nu)));
elseif -1*sind(thetal)> 0.49
sw=1; % close to theta=-30 corner,smoothen the curve
% with triaxial extension case sl = s2
cphi=0.25*sqrt(3/j2)*(1+(sw*sind(phi)/3));
ctsi=0.25*sqrt(3/j2)*(1+(sw*sind(tsi)/3));
kphi=sind(phi)*(1+nu)/3;
ktsi=sind(tsi)*(1+nu)/3;
cl=kphi+cphi*(sx*(1-nu)+nu*(sy+sz));
c2=kphi+cphi*(sy*(1-nu)+nu*(sx+sz));
c3=cphi*(1-2*nu)*t_xy;
cd=kphi+cphi*(sz*(1-nu)+nu*(sx+sy));
ri=ktsi+ctsi*(sx*(1-nu)+nu*(sy+sz));
r2=ktsi+ctsi*(sy*(1-nu)+nu*(sx+sz));
r3=ctsi*(1-2*nu)*t_xy;
rd=ktsi+ctsi*(sz*(1-nu)+nu*(sx+sy));
A=[r1*cl rl*c2 r1*c3 r1*c4;...
r2*cl r2*c2 r2*c3 r2*c4....
r3*cl r3*c2 r3*c3 r3*c4;...
rd*cl rd*c2 r4*c3 r4*c4];
CP=E*A/((1+nu)*(1-2*nu)*(kphi*sind(tsi)+2*cphi*ctsi*j2*(1-2*nu)));
else % all other cases
alpha=atand(abs((s_xx-s_yy)/(2*t_xy)));
k1=1:k2=1;
if abs(s_xx)>abs(s_yy)
k1=-1;

end
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ift xy <0
k2=-1:
end
cl=sind(phi)+k1*(1-2*nu)*sind(alpha);
c2=sind(phi)-k1*(1-2*nu)*sind(alpha);
c3=k2*(1-2*nu)*cosd(alpha);
c4=2*nu*sind(phi);
ri=sind(tsi)+k1*(1-2*nu)*sind(alpha);
r2=sind(tsi)-k1*(1-2*nu)*sind(alpha);
r3=k2*(1-2*nu)*cosd(alpha);
r4=2*nu*sind(tsi);
A=[r1*cl rl*c2 r1*c3 r1*c4;...
r2*cl r2*c2 r2*c3 r2*c4;...
r3*cl r3*c2 r3*c3 r3*c4;...
rd*cl r4*c2 r4*c3 r4*c4];
CP=E*A/(2*(1+nu)*(1-2*nu)*(1-2*nu+sind(phi)*sind(tsi)));
end
end % end of function
function [s1,s2,s3] = principal_stress(kk,iel,p,q,theta)
%calcualtes the principal stresses from the stress invariants
s1=p(:,kk,iel)+q(:,kk,iel)*(2/3)*sind(theta(:,kk,iel)-120);
s2=p(:,kk,iel)+q(:,kk,iel)*(2/3)*sind(theta(:,kk,iel));
s3=p(:,kk,iel)+q(:,kk,iel)*(2/3)*sind(theta(:,kk,iel)+120);
end % end of function
function selfwt=selfwt_matrix(elemType,normal_order,gamma,node,element)
% Generates the force matrix due to self weight
numelem=size(element,1);
numnode = size(node,1);

total _unknown = numnode*2;
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selfwt=zeros(total_unknown,1);

for iel =1 : numelem
sctrl = element(iel,:); % element connectivity
swpt=sctrl.*2; %element degree of freedom
[W,Q] = gauss_rule(iel,elemType,normal_order);
for q=1:size(W,1)

pt=Q(q,);
wt = W(Qq); % quadrature point
[N,dNdxi]=shape_func(elemType,pt);
JO = node(sctrl,:)*dNdxi; % element Jacobian matrix
selfwt(swpt) = selfwt(swpt)+ N*(-1*gamma)*det(JO)*wt;
end

end
end % end of function
function K=stiffness_matrix(node,element,elemType,normal_order,C)
% Generates the element and global stiffness matrix
numnode = size(node,1);
numelem = size(element,1);
total _unknown = numnode*2;
K = zeros(total_unknown,total_unknown);
for iel =1 : numelem
sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr); %element degree of freedom
[W,Q] = gauss_rule(iel,elemType,normal_order;
for kk = 1 : size(W,1) % Loop on Gauss points
pt = Q(kk,:); % quadrature point
[N,dNdxi] = shape_func(elemType,pt);

JO = node(sctr,:)*dNdxi; % element Jacobian matrix
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Bfem =Bmatrix(pt,elemType,iel);
K(eldof,eldof) = K(eldof,eldof)+Bfem'*C(1:3,1:3)*Bfem*W(kk)*det(JO);
end % end of looping on Gauss Points
end
end % end of function
function [stress,strain]
=stress_calculation(node,element,elemType,U,normal_order,C)
% calculates the element strains and stresses at the nodes
% in X, y and xy directions.
numelem=size(element,1);nonelm=size(element,2);stress=zeros(4,nonelm,numelem
);strain=zeros(4,nonelm,numelem);
switch elemType
case 'Q9'
stresspoints=[-1-1;1-1;11;-1 1;0 -1;1 0;0 1;-1 0;0 0];
case 'Q8'
stresspoints=[-1-1;1-1;11;-1 1;0-1;1 0;0 1;-1 0],
case 'Q4'
stresspoints=[-1-1;1 -1;1 1;-1 1];
case 'T3'
stresspoints=[0 0;1 0;0 1];
otherwise
stresspoints=[0 0;1 0;0 1;0.5 0;0.5 0.5;0 0.5];
end
for iel =1 : numelem
sctr = element(iel,:); % element connectivity
nn = length(sctr); % number of nodes per element
eldof =elementdof(elemType,sctr);
[W,Q] = gauss_rule(iel,elemType,normal_order);
for kk = 1:nn
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pt = Q(KKk,:); % quadrature point

[N,dNdxi] = shape_func(elemType,pt); % element shape functions
JO = node(sctr,:)*dNdxi; % element Jacobian matrix
Bfem4 =Bmatrix4(pt,elemType,iel);
strain(:,kk,iel)=Bfem4*U(eldof);

strain(4,:,:)=0;

stress(:,kk,iel)=C*strain(:,kk,iel);

end % end of looping on GPs
end % end of looping on elements

end % end of function
function
[topEdge,topEdgel,dispNodes,dispNodesl,leftNodes1]=supportcond(elemType,nu
mx,numy)
% Forms a vector of nodes which are restrained in x direction or in both
% x and y direction which are the supports of the domain.
%It also forms a matrix of nodes for load application at the top of the domain.
switch elemType

case 'Q9'

nNX=numx*2+1;

nny=numy*2+1,;

urn =nnx*nny; % upper right node number
uln =urn-(nnx-1); % upper left node number
Irn = nnx; % lower right node number
lIn=1; % lower left node number

topEdge =[ uln:1:(urn-1); (uln+1):1:urn];
topEdgel=[uln:2:(urn-2); (uln+1):2:(urn-1);(uln+2):2:urn ]’
botEdge =[IlIn:1:(Irn-1); (lIn+1):1:lr ]’;
leftEdge=[(lIn:nnx:(uln-nnx));(lIn+nnx:nnx:uln)]’;

rightEdge=[(nnx:nnx:(urn-nnx));(nnx+nnx:nnx:urn)]’;
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% GET NODES ON ESSENTIAL BOUNDARY

botNodes = unique(botEdge);

topNodes = unique(topEdge);

leftNodes = unique(leftEdge);

rightNodes = unique(rightEdge);

dispNodes = botNodes;

rightNodes1=rightNodes(2:end);

leftNodes1=IleftNodes(2:end); dispNodesl=union(leftNodesl,rightNodesl);
case 'Q8'

nNX=numx*2+1;

nny=numy*2+1,;

urn =(nnx*nny)-(numx*numy);% upper right node number

uln =urn-(nnx-1); % upper left node number
Irn = nnx; % lower right node number
lIn=1; % lower left node number

topEdge = [uln:1:(urn-1); (uln+1):1:urn ]’
topEdgel=[uln:2:(urn-2); (uln+1):2:(urn-1);(uln+2):2:urn J’;
botEdge =[IlIn:1:(Irn-1); (lIn+1):1:Ir ]’;
% GET NODES ON ESSENTIAL BOUNDARY
botNodes = unique(botEdge);
topNodes = unique(topEdge);
leftNodes = union((lIn:nnx+numx+21:uln),(nnx+1:nnx+numx+1:uln-numx+1))"
rightNodes = union((nnx:nnx+numx+1:urn),(nnx+numx+21:nnx+numx+1:urn-
nnx))’;
dispNodes = botNodes;
rightNodes1=rightNodes(2:end);
leftNodes1=IleftNodes(2:end);
dispNodesl=union(leftNodes1,rightNodes1);
leftEdge=[leftNodes(1:nny-1,:),leftNodes1];
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rightEdge=[rightNodes(1:nny-1,:),rightNodes1];
case {'Q4','T3'}

nnx=numx+1;

nny=numy+1;

uln = nnx*(nny-1)+1; % upper left node number

urn = nnx*nny; % upper right node number
Irn = nnx; % lower right node number
lIn=1; % lower left node number

topEdge = [ uln:1:(urn-1); (uln+1):1:urn ]’

topEdgel=topEdge;

botEdge =[IlIn:1:(Irn-1); (lIn+1):1:Ir ]’;

rightEdge = (Irn:nnx:(urn))";

% GET NODES ON ESSENTIAL BOUNDARY

botNodes = unique(botEdge);

topNodes = unique(topEdge);

rightNodes = unique(rightEdge);

leftNodes = rightNodes-(nnx-1);

dispNodes = botNodes;

rightNodes1=rightNodes(2:end);

leftNodes1=IleftNodes(2:end); dispNodesl=union(leftNodes1,rightNodesl);
case 'T6'

nnxX=numx*2+1;

nny=numy*2+1;

urn =nnx*nny; % upper right node number
uln =urn-(nnx-1); % upper left node number
Irn = nnx; % lower right node number
lIn=1; % lower left node number

topEdge = [ uln:1:(urn-1); (uln+1):1:urn ]’
topEdgel=[uln:2:(urn-2); (uln+1):2:(urn-1);(uln+2):2:urn ]’
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botEdge =[ lIn:1:(Irn-1); (IIn+1):1:Ir ]
% GET NODES ON ESSENTIAL BOUNDARY
botNodes = unique(botEdge);
topNodes = unique(topEdge);
leftNodes =(lIn:nnx:uln)’;
rightNodes =(Irn:nnx:urn)’;
dispNodes = botNodes;
rightNodes1=rightNodes(2:end);
leftNodes1=IleftNodes(2:end);
dispNodesl=union(leftNodes1,rightNodesl);
leftEdge=[leftNodes(1:nny-1,:),leftNodes1];
rightEdge=[rightNodes(1:nny-1,:),rightNodes1];
end
end % end of function
MESH
function element=make_elem(node_pattern,numx,numy,inc_u,inc_v)
% creates a connectivity list of primary nodes in Q4 and T3 element
if (nargin<5)
disp(‘Not enough parameters specified for make_elem function’)
end
inc=[zeros(1,size(node_pattern,2))];
e=1;
element=zeros(numx*numy,size(node_pattern,2));
for row=1:numy
for col=1:numx
element(e,:)=node_pattern+inc;
inc=inc+inc_u;
e=e+1;

end
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inc=row*inc_v;
end
end
function [node,element] = mesh_region(ptl, pt2, pt3, pt4 ,numx,numy,elemType)
% Generates an array of nodal connectivity (coordinates of each node)
% and element connectivity (nodes of each element with counterclockwise
% ordering.)
% given the four corners points of the domain,number of elements
% in each direction (numx,numy)and the element type (Q4,Q8,Q9 and T3)
global L D
nnx = numx+1;
nny = numy+1,

switch elemType

case 'Q4' node=square_node_array(ptl,pt2,pt3,pt4 ,nnx,nny);
inc_u=1;
inc_v=nnx;
node_pattern=[ 1 2 nnx+2 nnx+1 1;

[element]=make_elem(node_pattern,numx,numy,inc_u,inc_v);
case 'Q9' [node,element]=structured_q9_mesh(pt1,pt2,pt3,pt4
,numx,numy);
case 'Q8' [node,element]=structured_q8_mesh(ptl,pt2,pt3,pt4 ,numx,numy);
case 'T3' node=square_node_array(ptl,pt2,pt3,pt4 ,nnx,nny);
node_pattern1=[ 1 2 nnx+1 |;
node_pattern2=[ 2 nnx+2 nnx+1 J;
inc_u=1;
inc_v=nnx;
numberelem=2*numx*numy;
element=zeros(numberelem,3);

elementl=make_elem(node_patternl,numx,numy,inc_u,inc_v);
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element2=make_elem(node_pattern2,numx,numy,inc_u,inc_v);
element(1:2:end,:)=elementl,;
element(2:2:end,:)=element2;
otherwise
error(‘only Q4,Q9,Q8,and T3 are supported by this function’);
end
end
function [node,element] = mesh_regionl(pt4, pt3, pt8, pt7 ,numx1,numyl.elemType)
% Generates an array of nodal connectivity (coordinates of each node)
% and element connectivity (nodes of each element with counterclockwise
% ordering.)
% given the four corners points of the domain,number of elements
% in each direction (numx,numy)and the element type (Q4,Q8,Q9 and T3)
global L D
nnx1l = numx1+1;
nnyl = numyl+1,
switch elemType
case 'Q4'
node=square_node_array(pt4,pt3,pt8,pt7 ,nnx1,nny1l);
inc_u=1;
inc_v=nnx1,
node_pattern=[ 1 2 nnx1+2 nnx1+1 1;
[element]=make_elem(node_pattern,numx1,numyl,inc_u,inc_v);
case 'Q9' [node,element]=structured_q9 mesh(pt4,pt3,pt8,pt7
,numx1,numyl);
case'Q8  [node,element]=structured_g8_mesh(pt4,pt3,pt8,pt7 ,numx1,numyl);
case 'T3' node=square_node_array(pt4,pt3,pt8,pt7 ,nnx1,nnyl);
node_pattern1=[ 1 2 nnx1+1];

node_pattern2=[ 2 nnx1+2 nnx1+1 |;
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inc_u=1;
inc_v=nnx1,
numberelem=2*numx1*numy1;
element=zeros(numberelem,3);
elementl=make_elem(node_pattern1,numx1,numyl,inc_u,inc_v);
element2=make_elem(node_pattern2,numx1,numyl,inc_u,inc_v);
element(1:2:end,:)=elementl;
element(2:2:end,:)=element?2;
otherwise
error(‘only Q4,Q9,Q8,and T3 are supported by this function’);
end
end
function [node,element] =mesh_t6_elem(L,D,numx,numy)
%Forms the element and node matrices for T6 element, with the element
%and node matrices arranged in a nodal counterclockwise order
%(primary nodes then secondary nodes).
xx=repmat((0:L/(2*numx):L)",2*numy+1,1);
yy=sort(repmat((-1*D/2:D/(2*numy):D/2)",2*numx+1,1));
node=[xx yy];
inc_ u=[222222];
inc_v=[2+(4*numx)  2+(4*numx) 2+(4*numx) 2+(4*numx) 2+(4*numx)
2+(4*numx)];
node_pattern1=[1 2 3 2*numx+3 4*numx+3 2*numx+2];
node_pattern2=[3 2*numx+4 4*numx+5 4*numx+4 4*numx+3 2*numx+3];
elementsl=make_elem(node_patternl,numx,numy,inc_u,inc_v);
lements2=make_elem(node_pattern2,numx,numy,inc_u,inc_v);
numberelem=2*numx*numy;
elements=zeros(numberelem,6);

elements(1:2:end,:)=elementsl;

38



elements(2:2:end,:)=elements2;
element(:,1)=elements(:,1);
element(:,2)=elements(:,3);
element(:,3)=elements(:,5);
element(:,4)=elements(:,2);
element(:,5)=elements(:,4);
element(:,6)=elements(:,6);
end

function next = next_boundary _node q16 ( node )

if (node==1)
next = 2;

elseif (node ==2)
next = 3;

elseif (node ==3)
next = 4,

elseif (node ==4)
next = 8,

elseif (node ==8)
next =12;

elseif (node ==12)
next = 16;

elseif (node ==16)
next = 15;

elseif (node ==15)
next = 14,

elseif (node == 14)
next = 13;

elseif (node ==13)
next = 9;
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elseif (node ==9)
next = 5;
else
next = 1;
end
return
end
function [ rexp, sexp ] = poly 16 ()
Qe ek ek ek ok
rexp(1:16)=10,0,1,0,1,2,0,1,2,3,1,2,3,2,3,3];
sexp(1:16)=[0,1,0,2,1,0,3,2,1,0,3,2,1,3,2,3];
return
end
function [ t, dtdr, dtds ] = shape_qg16 (r,s)
ra=r-0.0;
rb=r-1.0/3.0;
rc=r-2.0/3.0;
rd=r-1.0;
sa=s-0.0;
sh=s-1.0/3.0;
sc=s-2.0/3.0;
sd=s-1.0;
t(1) = (81.0/4.0)*rb*rc*rd*sb™*sc*sd;
t(2) =-(243.0/4.0)*ra*rc*rd*sb *sc *sd,
t(3) = (243.0/4.0)*ra*rb*rd*sb™*sc™*sd,
t(4) =-(81.0/4.0)*ra*rb*rc*sbh*sc*sd;
t(5) =-(243.0/4.0)*rb*rc*rd*sa™*sc*sd,
t(6) = (729.0/4.0)*ra*rc*rd*sa*sc™*sd;
t(7) =-(729.0/4.0)*ra*rb*rd*sa™*sc*sd,
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t(8) = (243.0/4.0)*ra*rb™*rc*sa*sc™*sd,
t(9) = (243.0/4.0)*rb*rc*rd*sa*sb*sd,
t(10)=-(729.0/4.0) *ra*rc *rd * sa * sb * sd;
t(11) = (729.0/4.0)*ra*rb*rd*sa™*sbh*sd;
t(12) =-(243.0/4.0) *ra*rb*rc * sa * sb * sd;
t(13)=-( 81.0/4.0) *rb*rc*rd * sa * sb * sc;
t(14)= (243.0/4.0)*ra*rc*rd*>sa*sbh * sc;
t(15)=-(243.0/4.0) *ra*rb*rd * sa * sh * sc;
t(16)= ( 81.0/4.0)*ra*rb*rc*sa* sb * sc;
dbcd=30*r*r- 40*r +11.0/9.0;
dacd=30*r*r-100*r/3.0+ 2.0/ 3.0;
dabd=3.0*r*r- 80*r/3.0+ 1.0/3.0;
dabc=3.0*r*r- 2.0*r + 2.0/9.0;

dtdr(1) = ( 81.0/4.0) * dbcd * sb * sc * sd;
dtdr(2) =-(243.0/4.0) * dacd * sb * sc * sd;
dtdr(3) = (243.0/4.0) * dabd * sb * sc * sd;
dtdr(4) =-( 81.0/4.0) * dabc * sh * sc * sd;
dtdr(5) =-(243.0/4.0) * dbcd * sa * sc * sd;
dtdr(6) = (729.0/4.0) * dacd * sa * sc * sd;
dtdr(7) =-(729.0/4.0) * dabd * sa * sc * sd;
dtdr(8) = (243.0/4.0) * dabc * sa * sc * sd;
dtdr(9) = (243.0/4.0) * dbcd * sa * sb * sd;
dtdr(10) =- (729.0/4.0) * dacd * sa * sb * sd;
dtdr(11) = (729.0/4.0) * dabd * sa * sb * sd;
dtdr(12) =-(243.0/4.0) * dabc * sa * sb * sd;
dtdr(13) =-( 81.0/4.0) * dbcd * sa * sb * sc;
dtdr(14) = (243.0/4.0) * dacd * sa * sb * sc;
dtdr(15) =-(243.0/4.0) * dabd * sa * sb * sc;
dtdr(16) = ( 81.0/4.0) * dabc * sa * sb * sc;
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dbcd=3.0*s*s- 40*s +11.0/9.0;
dacd=3.0*s*s-10.0*s/3.0+ 2.0/3.0;
dabd=3.0*s*s- 80*s/3.0+ 1.0/3.0;
dabc=30*s*s- 20*s + 2.0/9.0;
dtds(1) = ( 81.0/4.0)*rb*rc *rd * dbcd;
dtds(2) =-(243.0/4.0) *ra*rc*rd * dbcd;
dtds(3) = (243.0/4.0)*ra*rb*rd * dbcd,
dtds(4) =-( 81.0/4.0) *ra* rb * rc * dbcd;
dtds(5) =-(243.0/4.0) *rb * rc * rd * dacd,;
dtds(6) = (729.0/4.0) *ra*rc *rd * dacd;
dtds(7) =-(729.0/4.0) *ra*rb * rd * dacd,;
dtds(8) = (243.0/4.0) *ra*rb *rc * dacd;
dtds(9) = (243.0/4.0) *rb *rc * rd * dabd,;
dtds(10) =-(729.0/4.0) *ra* rc * rd * dabd;
dtds(11) = (729.0/4.0) *ra*rb* rd * dabd;
dtds(12) =-(243.0/4.0) *ra* rb * rc * dabd;
dtds(13) =-( 81.0/4.0) *rb * rc * rd * dabc;
dtds(14) = (243.0/4.0) *ra*rc * rd * dabc;
dtds(15) =-(243.0/4.0) *ra* rb * rd * dabc;
dtds(16) = ( 81.0/4.0) *ra*rb * rc * dabc;
return

end

function node=square_node_array(ptl,pt2,pt3,pt4 ,nnx,nny)

if (nargin<6)
disp('Not enough parameters specified for quare_node_array function')

end

% get node spacing along u direction
Xi_pts=linspace(-1,1,nnx);

% get node spacing along v direction
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eta_pts=linspace(-1,1,nny);
x_pts=[pt1(1),pt2(1),pt3(1),pt4(1)];
y_pts=[pt1(2),pt2(2),pt3(2),pt4(2)];
for r=1:nny
eta=eta_pts(r);
for c=1:nnx
Xi=Xi_pts(c);
% get interpolation basis at xi, eta
N=shape func('Q4',[xi,eta]);
N=N(:,1);
node((r-1)*nnx+c,:)=[x_pts*N,y_pts*N];
end
end
end
function [node,element]=structured_q8_mesh(ptl,pt2,pt3,pt4,numx,numy)
%Forms the element and node matrices for Q8 element,
%with the element and node matrices arranged in a nodal
%counterclockwise order (primary nodes then secondary nodes)
nnx=numx+1;
nny=numy+1;
node=square_node_array(ptl,pt2,pt3,pt4,nnx,nny);
inc_u=1;
inc_v=nnx;
node_pattern=[ 1 2 nnx+2 nnx+1 ];
element=make_elem(node_pattern,numx,numy,inc_u,inc_v);
[element,node]=qg4totq8(element,node,numx,numyy);
end
function [node,element]=structured_q9_mesh(ptl,pt2,pt3,pt4,numx,numy)

%Forms the element and node matrices for Q9 element, with the element
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%and node matrices arranged in a nodal counterclockwise order
%(primary nodes-> secondary nodes then internal nodes)
nnx=numx+1;

nny=numy+1;
node=square_node_array(ptl,pt2,pt3,pt4,nnx,nny);

inc_u=1;

inc_v=nnx;

node_pattern=[ 1 2 nnx+2 nnx+1 ];

element=make_elem(node_pattern,numx,numy,inc_u,inc_v);

[element,node]=g4totq9(element,node,numx,numy);
end
function element_node = grid_q12_element ( nelemx, nelemy )
element = 0;
for j=1: nelemy
fori=1:nelemx
base=(j-1) *(5*nelemx +3) +1;
element = element + 1;
element_node( 1,element) = base + (i-1) * 3;
element_node( 2,element) = base + (i-1)* 3+ 1;
element_node( 3,element) = base + (i-1)* 3+ 2;
element_node( 4,element) = base + (i-1)* 3+ 3;
element_node( 5,element) = base + 3 * nelemx + i;
element_node( 6,element) = base + 3 * nelemx +i + 1;
element_node( 7,element) = base + 4 * nelemx +i + 1;
element_node( 8,element) = base + 4 * nelemx + i + 2;
element_node( 9,element) = base + 5 * nelemx + 3 * i;
element_node(10,element) = base + 5 * nelemx + 3 * i + 1;

element_node(11,element) = base + 5 * nelemx + 3 * i + 2;
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element_node(12,element) = base + 5 * nelemx + 3 * i + 3;
end
end
return
end
element = 0;
for j=1: nelemy
fori=1: nelemx
base=(j-1)*3*(3*nelemx+1)+3*i-2;
element = element + 1;

element_node( 1,element) = base;

element_node( 2,element) = base +1;
element_node( 3,element) = base +2;
element_node( 4,element) = base +3;

element_node( 5,element) = base + (3 * nelemx +1);
element_node( 6,element) =base + (3 *nelemx +1)+1,
element_node( 7,element) =base + (3 *nelemx +1) + 2;
element_node( 8,element) = base + (3 *nelemx+1)+3;
element_node( 9,element) = base + 2 * ( 3 * nelemx + 1);
element_node(10,element) = base + 2 * (3 * nelemx + 1) + 1;
element_node(11,element) = base + 2 * (3 * nelemx + 1) + 2;
element_node(12,element) = base + 2 * (3 * nelemx + 1) + 3;
element_node(13,element) = base + 3* (3 * nelemx + 1);
element_node(14,element) = base + 3* (3 * nelemx + 1) + 1;
element_node(15,element) = base + 3* (3 * nelemx + 1) + 2;
element_node(16,element) =base + 3* (3 * nelemx + 1) + 3;
end
end

return

45



end

INTERGRATION

function Bfem =Bmatrix(pt,elemType,iel)

% Gives the strain displacement matrix (B matrix of size 3x8)of each element
global node element

sctr = element(iel,:);

nn = length(sctr);

[N,dNdxi] = shape_func(elemType,pt); % element shape functions

JO = node(sctr,:)*dNdxi; % element Jacobian matrix
invJO = inv(J0);

dNdx = dNdxi*invJO; % derivatives of N w.r.t XY
Gpt = N"*node(sctr,’); % GP in global coord, used

Bfem = zeros(3,2*nn);
Bfem(1,1:2:2*nn) = dNdx(:,1)";
Bfem(2,2:2:2*nn) = dNdx(;,2)";
Bfem(3,1:2:2*nn) = dNdx(:,2)";
Bfem(3,2:2:2*nn) = dNdx(:,1)";
end % end of function
function Bfem4 =Bmatrix4(pt,elemType,iel)
% Gives the strain displacement matrix (B matrix of size 4x8)of each element
global node element
sctr = element(iel,:);
nn = length(sctr);
[N,dNdxi] = shape_func(elemType,pt); % element shape functions

JO = node(sctr,:)*dNdxi; % element Jacobian matrix
invJO = inv(JO);

dNdx = dNdxi*invJO; % derivatives of N w.r.t XY
Gpt = N"*node(sctr,1); % GP in global coord, used

Bfem4 = zeros(4,2*nn);
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Bfem4(1,1:2:2*nn) = dNdx(:,1)";
Bfem4(2,2:2:2*nn) = dNdx(:,2)";
Bfem4(3,1:2:2*nn) = dNdx(:,2)";
Bfem4(3,2:2:2*nn) = dNdx(:,1)";
end % end of function
function [W,Q] = gauss_pt_wt( quadorder, gt, sdim )
% Returns the weights and coordinates of the gauss integration points
iIf (nargin <3) % set default arguments
if (stremp(qt, GAUSS) ==1)
dim=1;
else
dim = 2;
end
end
if (nargin<2)
type = 'GAUSS';
end
if (strcmp(qt, GAUSS) ==1)
quadpoint=zeros(quadorder~sdim ,sdim);
guadweight=zeros(quadorder~sdim,1);
ript=zeros(quadorder,1); riwt=zeros(quadorder,1);
switch ( quadorder )
case 1
ript(1) = 0.000000000000000;
riwt(1) = 2.000000000000000;
case 2
ript(1) = 0.577350269189626;
ript(2) =-0.577350269189626;
riwt(1) = 1.000000000000000;
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riwt(2) = 1.000000000000000;
case 3
ript(1) = 0.774596669241483;
ript(2) =-0.774596669241483;
ript(3) = 0.000000000000000;
riwt(1) = 0.555555555555556;
riwt(2) = 0.555555555555556;
riwt(3) = 0.888888888888889;

case 4
ript(1) = 0.861134311594053;
ript(2) =-0.861134311594053;
ript(3) = 0.339981043584856;
ript(4) =-0.339981043584856;
riwt(1) = 0.347854845137454;
riwt(2) = 0.347854845137454;
riwt(3) = 0.652145154862546;
riwt(4) = 0.652145154862546;
case 5
ript(1) = 0.906179845938664;
ript(2) =-0.906179845938664;
ript(3) = 0.538469310105683;
ript(4) =-0.538469310105683;
ript(5) = 0.000000000000000;
riwt(1) = 0.236926885056189;
riwt(2) = 0.236926885056189;
riwt(3) = 0.478628670499366;
riwt(4) = 0.478628670499366;
riwt(5) = 0.568888888888889;
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case 6
ript(1) = 0.932469514203152;
ript(2) =-0.932469514203152;
ript(3) = 0.661209386466265;
ript(4) =-0.661209386466265;
ript(5) = 0.238619186003152;
ript(6) =-0.238619186003152;
riwt(1) = 0.171324492379170;
riwt(2) = 0.171324492379170;
riwt(3) = 0.360761573048139;
riwt(4) = 0.360761573048139;
riwt(5) = 0.467913934572691;
riwt(6) = 0.467913934572691;
case 7
ript(1) = 0.949107912342759;
ript(2) = -0.949107912342759;
ript(3) = 0.741531185599394;
ript(4) = -0.741531185599394;
ript(5) = 0.405845151377397;
ript(6) = -0.405845151377397;
ript(7) = 0.000000000000000;

riwt(1) = 0.129484966168870;
rlwt(2) = 0.129484966168870;
riwt(3) = 0.279705391489277;
rlwt(4) = 0.279705391489277;
rlwt(5) = 0.381830050505119;
rlwt(6) = 0.381830050505119;
rlwt(7) = 0.417959183673469;
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otherwise
disp(‘'unsupported integration order")
end % end of quadorder switch
n=1,

if (sdim==1)

for i = 1:quadorder
quadpoint(n,:) = [ ript(i) ];
quadweight(n) = riwt(i);
n=n+l;

end
elseif (sdim==2)

for i = 1:.quadorder
for j = 1:.quadorder

quadpoint(n,:) = [ ript(i), rlpt(j)];

quadweight(n) = riwt(i)*riwt(j);

n=n+l;
end

end
end
Q=quadpoint;
W=quadweight;
% END OF GAUSSIAN QUADRATURE DEFINITION FOR RECTANGULAR
ELEMENTS
elseif ( strcemp(qt, TRIANGULAR') == 1)

If (quadorder > 7 ) % check for valid quadrature order
disp(‘Quadrature order too high for triangular quadrature’);
quadorder =1,

end

if (quadorder==1) % set quad points and quadweights
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quadpoint = [ 0.3333333333333, 0.3333333333333 ];
quadweight = 1;

elseif ( quadorder ==2)
quadpoint = zeros( 3, 2);
quadweight = zeros( 3, 1);

quadpoint(1,:) =[ 0.1666666666667, 0.1666666666667 ];

quadpoint(2,:) = [ 0.6666666666667, 0.1666666666667 ];
quadpoint(3,:) = [ 0.1666666666667, 0.6666666666667 ];
quadweight(1) = 0.3333333333333;
quadweight(2) = 0.3333333333333;
quadweight(3) = 0.3333333333333;

elseif ( quadorder <=5)
quadpoint = zeros( 7, 2);
quadweight = zeros(7,1);
quadpoint(1,:) = 0.1012865073235, 0.1012865073235 ];
quadpoint(2,:) = [ 0.7974269853531, 0.1012865073235 ];
quadpoint(3,:) = [ 0.1012865073235, 0.7974269853531 |;
quadpoint(4,:) = [ 0.4701420641051, 0.0597158717898 ];
quadpoint(5,:) = [ 0.4701420641051, 0.4701420641051 ];
quadpoint(6,:) = [ 0.0597158717898, 0.4701420641051 ];
quadpoint(7,:) = [ 0.3333333333333, 0.3333333333333 ];
quadweight(1) = 0.1259391805448;
quadweight(2) = 0.1259391805448;
quadweight(3) = 0.1259391805448;
quadweight(4) = 0.1323941527885;
quadweight(5) = 0.1323941527885;
quadweight(6) = 0.1323941527885;
quadweight(7) = 0.2250000000000;
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else
quadpoint = zeros( 13, 2);
quadweight = zeros( 13, 1);
quadpoint(1 ,:) = [ 0.0651301029022, 0.0651301029022 ];
quadpoint(2 ,:) = [ 0.8697397941956, 0.0651301029022 ];
quadpoint(3 ,:) = [ 0.0651301029022, 0.8697397941956 ];
quadpoint(4 ,:) = [ 0.3128654960049, 0.0486903154253 ];
quadpoint(5 ,:) = [ 0.6384441885698, 0.3128654960049 ];
quadpoint(6 ,:) = [ 0.0486903154253, 0.6384441885698 ];
quadpoint(7 ,:) = [ 0.6384441885698, 0.0486903154253 ];
quadpoint(8 ,:) = [ 0.3128654960049, 0.6384441885698 ];
quadpoint(9 ,:) = [ 0.0486903154253, 0.3128654960049 ];
quadpoint(10,:) = [ 0.2603459660790, 0.2603459660790 |;
quadpoint(11,:) = [ 0.4793080678419, 0.2603459660790 |;
quadpoint(12,:) = [ 0.2603459660790, 0.4793080678419 |;
quadpoint(13,:) = [ 0.3333333333333, 0.3333333333333 ];
quadweight(1 ) = 0.0533472356088;
quadweight(2 ) = 0.0533472356088;
quadweight(3) = 0.0533472356088;
quadweight(4 ) = 0.0771137608903;
quadweight(5) = 0.0771137608903;
quadweight(6 ) = 0.0771137608903;
quadweight(7 ) = 0.0771137608903;
quadweight(8 ) = 0.0771137608903;
quadweight(9 ) = 0.0771137608903;
quadweight(10) = 0.1756152576332;
quadweight(11) = 0.1756152576332;
quadweight(12) = 0.1756152576332;
quadweight(13) =-0.1495700444677,
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end
Q=quadpoint;
W=quadweight/2;
end
end % end of function
function [W,Q] = gauss_rule(iel,elemType,normal_order)
% Provides the weight vector and gauss point coordinate matrix of
% the element based on the integration order selected.
global node element
sctr = element(iel,:); % element connectivity
if ((elemType =='Q4") & (normal_order <8))
[W,Q] = gauss_pt_wt(normal_order,GAUSS',2);
elseif ((elemType =="'Q8") & (normal_order < 8))
[W,Q] = gauss_pt_wt(normal_order,'GAUSS',2);
elseif ((elemType =='Q9") & (normal_order < 8))
[W,Q] = gauss_pt_wt(normal_order,'GAUSS',2);
elseif elemType == "T3'
[W,Q] = gauss_pt_wt(normal_order, TRIANGULAR',2);
elseif elemType == 'T6'
[W,Q] = gauss_pt_wt(normal_order, TRIANGULAR',2);
end
end % end of function
function [N,dNdxi]=shape_func(type,coord,di)
% Gives the shape function and its derivatives with respect to x and y
if (nargin==2)
dim=1;
end
switch type

case 'L2'
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if size(coord,2) < 1
disp(‘Error coordinate needed for the L2 element’)
else
xi=coord(1);
N=([1-xi,1+xi]/2)";
dNdxi=[-1;1]/2;
end
if size(coord,2) < 2
disp(‘Error two coordinates needed for the T3 element’)
else
xi=coord(1); eta=coord(2);
N=[1-xi-eta;Xi;eta];
dNdxi=[-1,-1;1,0;0,1];
end
case 'Q4'
if size(coord,2) < 2
disp('Error two coordinates needed for the Q4 element’)
else
xi=coord(1); eta=coord(2);
N=1/4*[ (1-xi)*(1-eta);
(1+xi)*(1-eta);
(1+xi)*(1+eta);
(1-xi)*(1+eta)];
dNdxi=1/4*[-(1-eta), -(1-xi);
l-eta, -(1+xi);
l+eta, 1+xi;
-(1+eta), 1-xi];
end

end % end of function

54






