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MO PAU
1. Pit van dé

Céc chi tiét may sau mdt thoi gian lam viéc nhat dinh s& bi mai mon
dan dén khong dam bao dugc yéu cau hoat dong hodc bi pha huy. Dé tiét
kiém chi phi ché tao gia cong chi tiét mai, cac chi tiét bi mai mon trude khi
bi pha huy s& duoc phuc hdi bang cac phuong phap nhu ma phu, han dép
va phun phu Trong do, phuong phap ma phu dugc nghién ctru va img dung
kha rong rai. Trong sO cac vat liéu ma phu, crém dugc s dung nhiéu nhit
dé tang bén cho bé mit chi tiét v6i cac tinh chat nhu chong mai mon, khang
an mon tdt, do cing cao,.... trong ma phuc hdi céc chi tiét may, khuén duc.
Bén canh nhiing vu diém trén, ma crom c6 mot nhuoc diém 16n 1a giy 0
nhiém méi trudng va anh hudng dén sirc khoe ciia ngudi cong nhan van
hanh thiét bj ma. Vi vay, 0 cac nudc tién tién trén thé gidi da c6 mot sb
nghién ctru vé nhitng phuong phap phit méi dé dan thay thé cho phuong
phap ma crém. Mot trong nhitng phuong phap tién tién hién nay c6 kha
ning thay thé cho ma crom 1a phuong phap phu nhiét khi téc do cao (High
Velocity Oxygen-Fuel - HVOF). Vit liéu st dung dé phu 1én bé mit chi tiét
khi Ging dung phuong phap HVOF kha da dang, trong d6 vat li¢u carbide
vonfram (WC-10Co-4Cr) di cho thiy 1a mot trong cac vat liéu phu co tinh
chit co hoc tot nhat dé thay thé cho ma crom.

Do bén moi cuia chi tiét 1a mot trong cac thong sd quan trong dé danh
gia tudi tho cia chi tiét, dac biét 1a cac chi tiét dang truc [1]. Do vay, sau
khi ma phu phuc hoi, d6 bén moi cla chi tiét cling 1a mét trong cac tinh
chat co hoc duoc quan tdm. Qua trinh pha hily méi xay ra khi chi tiét may
chiu mg suat thay doi theo chu ky, bat ddu tir nhitng vét nirt té vi sinh ra tir
ving chi tiét may chiu img suat da 16n va thuong xuat hién tir bé mit ngoai
phat trién vao bén trong chi tiét [1]. V6i dinh hudng trén, viée danh gia anh
huéng cia 16p phu bang phuong phép ma crém cung va phu HVOF véi vat
lidu WC-10Co0-4Cr trén nén thep C45 chi tiét dang truc 1a mot trong cac ndi
dung nghién ctru chinh cua de tai “Nghién cuu danh hwdng cia 16p phi bé
mdt dén d¢ bén méi cua chi tiét may dang truc”.

2. Y nghia khoa hoc va thye tién cia dé tai
2.1 Y nghia khoa hoc

- Xay dung phuong trinh dudong cong moi theo mo hinh Basquin dua
vao chiéu day ciia 16p ma crém va 16p phu carbide vonfram WC-10Co-4Cr
gitip du doan duge dd bén méi twong wng voi chidu day 16p ma xac dinh.

- Pé xuét duoc cach thic tinh toan sy thay ddi cua ung suit du va mat
d6 vét nurt té vi, gitip xac dinh quan hé gitra tng suat du véi d6 bén moi ciing
nhu mat d6 cua vét nit t& vi xuit hién trong 16p ma phu ung véi mot chiéu
day xac dinh cua 16p phu.

- Xac dinh duoc qua thyc nghiém, khi ting chiéu day 16p ma crém
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trén nén thép C45 thi mat do vét nit ting lam cho tmg suat du kéo giam dan
dén d6 bén moi giam; va khi ting chiéu day cua 16p phu carbide vonfram
WC-10C0-4Cr ting sudt du nén s& ting nén do bén moi c6 xu hudng ting
tuong Ung.

2.2 Y nghia thuyec tién

Nghién ctru nay gop phan phat trién cong ngh¢ phun phu HVOF, gbp
phan ung dung cong nghé tién tién, nang sudt va chat lugng cao nay trong
pht bé mit ciing nhu phuc hdi chi tiét may & Viét Nam.

Céc két qua nghién ctru cua luan an chi ra kha nang va pham vi ap
dung ma crém cing, phun pha HVOF vdéi vit liéu carbide vonfram (WC-
10C0-4Cr) 1én nén thép C45 trong cong nghé san xuat chi tiét mai, phuc
hoi chi tiét may véi cac chiéu day 16p pha 10, 30, 60 va 90 um.

3. Muc tiéu nghién ciru
3.1 Muc tiéu chung

Nghién ctru danh gia anh huong cua 1op phi bé mat dén do bén moi
cua chi tiét may dang truc khi dugc ma crom cimg va phu carbide vonfram
(bang phuong phap phu HVOF) trén nén thép C45 ng véi cac chiéu day
ma phu khac nhau.

3.2 Muc tiéu cu thé

- Phén tich, danh gia anh hudng cta cac thong sd cta 16p ma (chiéu
day, tng suat du, mat do vét nut té vi) ctia 16p ma crom dén do bén moi cua
chi tiét may dang truc.

- Phan tich, danh gia anh hudéng cua cac thong sé cua 16p phu (chiéu
day, tmg suat du) cua 16p phu carbide vonfram dén do bén moi cua chi tiét
may dang truc.

- So sanh danh gia d6 bén moéi cua 2 phwong phap trén cac chiéu day
16p ma phu khéc nhau.

- Xac dinh dugc chiéu day hop 1y cta 16p phu dé nang cao do bén
moi cua chi tiét may.

4. P6i twong, pham vi nghién ciru
4.1 DPoi twrgng nghién ctru

- Qué trinh moi cua chi tiét may dang truc chiju tai theo chu ky;

- Lép ma phii crém va carbide vonfram 1én nén thép C45 chi tiét
dang truc.

4.2 Pham vi nghién ciru

- Vit lidu nén: thép C45.

- Vat liéu ma pht: crom (ma dién) va carbide vonfram (WC-10Co-
4Cr) (phun phu HVOF).

- Chiéu day 16p phu tir 10 pm dén 90 pm.

- Qui trinh ma crém st dung qui trinh chuén trong cong nghiép hién
dang dugc st dung rong rai trong cac co sd, xi nghi¢p ma phu ¢ Viét Nam,;
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qui trinh phun phit HVOF str dung cac thong s6 ctia qua trinh phii da duoc
tdi wu vé do cing, do xép va d6 bam dinh va sé khong dugc nghién ciru
trong d¢é tai.

5. Noi dung va phuong phap nghién ctiru

5.1 Noi dung nghién ciru

-Nghién ctru tong quan vé cong nghé, k¥ thuit ché tao chi tiét may
dang truc c6 ma phu

-Nghién ciru d& xudt mo hinh toan duong cong méi, két ciu, kich
thudc va quy trinh ché tao chi tiét mau. Thiét 1ap ham héap thu tia X va cach
tinh sai s6 do tng suét du.

-Nghién ciru dnh huéng ciia chiéu day 16p ma crom dén do bén moi
ctia chi tiét may dang truc

-Nghi€n ctru, danh gia anh hudng cta l6p phu carbide vonfram (WC-
10C0-4Cr) dén d6 bén moi cua chi tiét may dang truc. So sanh danh gia do
bén moi cuia phuong 4n ma phu crém va carbide vonfram véi cac chiéu day
khac nhau dé xac dinh chiéu day 16p ma phu phu hop c6 do bén moi cao
nhat twong g véi didu kién lam viéc cua chi tiét.

5.2 Phwong phap nghién ciru nghién ciru

- Phuong phép ké thira

- Phuong phép thu thap thong tin

- Phuong phéap nghién ctru thuc nghiém
6. Phuong phap tiép cin

bé thuc hién duge cac muc dich nghién ctru cda luan 4n, tac gia su
dung phuong phap tiép can nhu sau:

- Nghién ctru tai liéu dé tim hiéu cac cong trinh di cong bd lién quan
dén @ tai & trong va ngoai nude. Tir d6 xac dinh 1 nhimg gi da duoc cong
bd va tim ra nhiing noi dung méi ma luan an can phai giai quyét. Khao sat,
tim hiéu v& co s& vat chit va céac trang thiét bi sin c6 dé Iua chon thuc hién
luan an.

- Nghién ctru cac cong nghé ma phu: quy trinh ma crém cung, quy
trinh pht HVOF véi cac ndi dung: nguyén 1y, thiét bi, vat liéu, cac thong sd
cong nghé.

- Nghién ctru phuong phap do nhidu xa tia X dé xac dinh mg sut
du cua 16p ma phu.

- Nghién clru phuong phap xtr Iy anh su dung phan mém ImageJ dé
xac dinh mat d¢ vét niit té vi ciia 16p ma phu.

- Sur dung cac trang thiét bi sin c6 phu hop véi didu kién thuc
nghiém dé ché tao mau thi nghiém; kiém tra co tinh va phan tich t6 chirc té
vi ctia kim loai nén; tién hanh do chiéu day va tmg suat du (mg véi timg
chiéu day cu thé; thi nghiém kiém tra danh gia d6 bén moi cua ting phuong
phap ma pht.



- Xay dung mo hinh toan, thuc nghiem va xir 1y s6 liéu thuc nghiem
dé tim ra phuong trinh duong cong moi cho timg phuong phap phu tmg véi
cac chiéu day khac nhau nhiam xac dinh dwoc phwong phap phu va chiéu
day phu hop ly.

7. Cac déng gép méi cia ludn an

- B¢ xuat quy trinh xur ly thé va lam ddng déu hat tinh thé cho thép
C45 dé ché tao chi tiét mau phuc vu cho qua trinh thi nghiém moi.

- X4y dung dwoc ham hip thu tia X dé hiéu chinh duong nhifu xa
trong qua trinh do (mg suit du va dé xuit duoc cach tinh sai sé (mg suit du
bang phuong phap nay.

- Panh gia dugc sy bién thién ciia ing suat du, mat do vét nit té vi...
theo chiéu day 16p ma phu. Phan tich anh hudng cua cac yéu té nay dén do
bén mai ctia chi tiét ma phu.

- Thiét 1ap duge mo hinh toan va phuong trinh méi cho cac chiéu day
ma phu khac nhau tmg v6i hai phuong phap ma phu.

- So sanh déanh gia do bén moéi cua chi tiét ma crom va phu carbide
vonfram tng véi cac chidu day phu khac nhau. Tir d6 cho phep lga chon
phuong phap phu va chiéu day 16p phu dé dat dugc do bén moi tot nhat ma
van dam bao bai toan kinh té.

8. Két cau ciia luéin an

Két céu ctia luan 4n gdm céc phan:

- Mo dau

- Chuong 1: Téng quan

- Chuong 2: Co s¢ Iy thuyét

- Chuong 3: Vit liéu-thiét bi va phuong phap thi nghiém

- Chuong 4: Ket qua nghién ctru 1y thuyét

- Chuong 5: Két qua nghién ctru thuc nghiém va ban luin

- Két luan va kién nghi

Chuwong 1. TONG QUAN

1.1 Khai quat vé hién tweng méi
1.2 Ma dién
1.3 Phun pha HVOF
1.4 Thuc trang nghién ciru vé méi & Viét Nam
1.5 Tong ludn cac cong trinh da cong bd vé van dé nghién ciru
1.5.1 Céac nghién ctru ctia nuée ngoal

Céac nguyén clru & nude ngoai cho thay 16p ma crém cimg dugc ing
dung nhiéu dé ting do cimg, kha nang chéng mai mon, an mon va hé sé ma
sat thap dé tmg dung trong cac linh virc hang khong vii try, 6 t6 va hoa dau.
Céc tinh chét nhu: ing sut du, do cimg té vi...cua 16p ma crom duoc danh
gia t6t. Bén canh d6, mot s6 nghién ctru ciing cho thiy tng suét du kéo va
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mat do vét nirt t& vi clia crom gay giam do bén moi va hau hét cac nghién
ctru dugc thuc hién trén nén thép co6 do bén cao: thép AISI 4340, kim nhdm
Al 2024-T4, vat li¢u 12CrtMoV,..

Trong thoi gian gan day, cong nghé phu HVOF da va dang dugc
nghién ctu. Phuong phap nay c6 thé phu véi nhleu loai vat li¢u. Tuy nhién
véi vat lidu carbide vonfram véi thanh phan chu yéu 1a pha WC va chét két
dinh Co dugc chu trong nghién ciu nhidu nhat. Véi tinh chat wu viét coa
loai vat liéu nay, ching duoc ¢tng dung nhiéu trong qué trinh phu cac chi
tiét trong nganh hang khong, khai thac mo, dau khi....va dic biét no co thé
thay thé cho ma crém ctng. Mot s6 nghién ctru bude dau thyuc hién danh
gia vé 16p phu carbide vonfram nay. Cac thong sb: ung suat du, do bam
dinh, do ctng....cling duoc danh gia. P bén méi ciing dugce nghién cau,
danh gia nhung khi phu trén cac vat lidu khac nhau lai cho két qua ting
hodc giam. Piéu nay cho thdy qua trinh phu Ia hét stc phuc tap.

Tuy nhién, nhidu nghién ctru ciing cho thay sy anh huéng cua 16p
pht dén vt liéu nén khi ap dung quy trinh nhiét luyén hay khong s& cho két
quéd khac nhau.

1.5.2 Cac nghién ctru trong nuéc

Hién nay, ¢ nudc ta cong ngh¢ xur ly bé mit dang dugc quan tim va
phat trién, dat biét 1a ma dién. Véi wu diém 13 nang cao chat lugng bé mit,
tang kha nang chiu mai mon, an mon, ting do cung bé mat....day 1a mot
cong ngh¢ htra hen s€ 1a linh vuc cha trong nghién ctru trong thoi gian toi.
Mot sd cong trinh nghién ctru vé ma composite trén mot sb chi tiét may,
nang cao tinh ning ma sat cua 16p ma xoa dong va niken...dd dugc thuc
hién. Bén canh do, cong nghé phun phu nhiét ciing da budc dau dugc
nghién ctru nhung chi dimg lai nghién ctru cac tinh chat nhu d6 ctng, bam
dinh, mai mon & hop kim 67Nil8Cr5Si4B, hop kim CrsC,— NiCr dé phuc
hoi chi tiét.

1.6  Cac ton tai va dinh hwéng nghién ciru
1.6.1 Céc ton tai

Qua phan tich cac cong trinh nghién ctru cho thdy cac nghién ctru tap
trung vao viéc nang cao chat lwong 16p bé mit cua chi tiét bang cach phu
mot 16p vét liéu co6 tinh chiu nhiét, chiu mai mon nham dap img cac diéu
kién lam viéc khac nhau cua chi tiét. Bén canh dé, cac théng sb cua 16p phu
nhu d6 bam dinh, ing suat du,... va dic biét 1a d6 bén moi cta 16p phu
dugc chu trong nghién ctru. Panh gia vé do bén moi cua 16p phi khi sir
dung phuong phap phu HVOF va ma crém cing dd c6 mét s nghién ciru
nhung chi tap trung trén nén thép c6 do bén cao nhu thép khong gi. Ngoai
ra, cac nghién curu cling chi dugc thyc hién trén mot chiéu day phu cu thé.
Do viy, cac két qua nghién ciru dd cong bd chua chi ra dwoc su thay doi,
anh huong dén tinh chat 16p phi va d6 bén moi khi chidu day phu bién
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thién. Bén canh d6, anh hudng dén do bén moi cua viéc ap dung ché do
nhiét luyén cho vat liéu nén cua chi tiét cling chua dugce quan tdm nghién
ctru.

Két qua khao sét ciing cho thay, chua c6 nghién ctru, danh gia nao vé
tinh chét cua 16p phu carbide vonfram WC-10Co-4Cr (phu HVOF), 16p ma
crom 1én bé mit thép C45 da duoc nhiét luyén theo ché d chi tiét truc voi
cac chiéu day khac nhau anh huéng do bén moi. Vi vay, viéc tién hanh
nghién ctru, danh gia do bén moi cua 16p phu carbide vonfram WC-10Co-
4Cr, 16p ma crém trén nén thép C45 (da dugc nhiét luyén theo ché do truc)
1a rat can thiét, co y nghia 16n trong thuc tién ché tao co khi, phuc hdi céac
chi tiét truc.

1.6.2 Pinh hwéng nghién ciru

Trong nghién cru nay, nhitng ndi dung sau dugc chu trong nghién
cuu.

- Xay dung mé hinh toan dudng cong moi udn cho chi tiét dang truc
c6 ma phu.

- Nghién ctru quy trinh xtr 1y thé va tao hat nho dé tao tinh dang
huéng trong chi tiét truc ap dung thép C45

- Xac dinh quy trinh nhiét luyén cho tiét truc ap dung thép C45

- Nghién ctru quy trinh ma crém cung va phu carbide vonfram WC-
10C0-4Cr 1én chi tiét truc theo qui trinh chudn cong nghiép hién nay va dya
trén cac thong ) phu da dugc t6i uu hoa vé do cung, do bam dinh va do
XO0p.

- Po luong va danh gia sy thay doi cia ung suat du va mat do té vi
khi ma phu véi cac chiéu day ma phu khac nhau.

- Panh gia va so sanh anh huéng cua chiéu day 16p ma crom cimg va
phu carbide vonfram WC-10Co-4Cr dén d6 bén moi cua chi tiét truc C45.

Chuwong 2. CO SO LY THUYET

2.1 Hién twgng moi

Hién twrong méi (hay su méi) 1a qua trinh tich lily dan dan sy pha hong
trong ban than vat liéu dudi tac dong cua img suat thay doi theo thoi gian. Ung
suat thay d6i nay lam xuét hién cac vét nirt moi, sau d6 cac vét nirt moi ay phat
trién va dan t6i su pha huy vat lidu (su phd hay vi moi).
2.1.1 Pudng cong méi

Trén co s& ket qua thi nghiém moi, dudng cong moi dugc thlet lap
nham biéu dién m01 quan h¢ gilra ing sut 6 (img sut 16n nhit) vai sé chu
ky thay d6i ing sudt N ma chi tiét may (hodc mau thir nghiém) chiu dugc
cho dén khi hong
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Hinh 2.1. Buong cong moi Wohler [1]
S6 chu ky N duogc goi 13 tudi tho twong ng v6i mirc tmg suat o. DO
thi duong cong moi ¢6 dang nhu Hinh 2.1.
Qua d6 thi duong cong moi ta thay
- Khi tng suét cang cao thi tudi tho cang giam
- Néu giam tmg suat dén mot gidi han o, ndo d6 d6i vai mot sb loai
vat liéu, tudi tho N co thé ting 1én kha 16n ma chi tiét khong bi pha huy.
Tri s6 6, dugc goi 1a gidi han bén moi (dai han) cua vét liéu.
Phuong trinh duong cong moi c¢6 thé viét dudi dang:
o".N = c (2.5)
Véi C, m 1a hang s6 va m (sd ‘mil) duoc goi la bac cua duong cong
moi. Phuorng trinh (2.5) biéu dlen mdi quan hé giita tmg suét 6 va tudi tho
N trong mién u’ng suét co tri s6 nam ngang trong khoang gidi han chay Gch
va gi6i han bén moéi o, cua vat liéu. Tur phuong trinh (2.5) ta co thé xac
dinh tu01 tho N cua vt liéu chiu ing suét thay d6i oy (0,<0Kx< O ).
Ung sudt o, goi 1a gidi han méi ngan han tuong tmg véi tudi tho Ny cua
vat li€u. Trong hé toa dd logarit Igo-IgN, phuong trinh (2.5) dugc biéu dién
bang dudng thing:
mlgo +1gN =1gC (2.6)
P thi dudng cong moi trong hé toa do ban lgo—IgN c6 nhanh
riéng 14 dudng thiang c6 phuong trinh:
N*.10° =B (2.7)
trong d6 k va B 14 hang sd.
Puong biéu dién ciia phuong trinh (2.5) s& ¢6 tiém cén 1a truc hoanh
N. Diéu nay khong ding véi vat liéu gang hodc thép vi dudng cong moéi
cua chung s€ cé cd duong tiém can song song vdi truc hoanh va cach truc
hoanh mét khoang béng tri sb gidi han bén moi dai han cua vat lidu. Vi
vay, trén co s¢ cua phan tich theo toan hoc théng ké cac sb liéu thi nghiém,
Weibull biéu thi dudng cong moéi bang phuong trinh:



N-—B (2.8)
(c-0,)"

Tir (2.8) khi 6 — o, thi N - o, nghia la duong thing méi nim ngang
cach truc hoanh mét khoang o;. dugc goi l1a tiém cén cia duong cong moi.
2.2 D¢ bam dinh va phuong phap danh gia
2.3 P bén méi va phwong phap danh gia

Qua trinh thyc hién thi nghiém d6 bén moi cho vat liéu kim loai c6
thé dua vao cac tiéu chuan qudc té nhu JSME S002, ASTM E739 va 1SO
1143-2010. Trong d6 tiéu chuan I1SO 1143-2010 dugc sir dung nhiéu hon
ca va tuong thich véi tiéu chudn Viét Nam (TCVN).

Trong tiéu chuan ISO 1143-2010 trinh bay cu thé cac phuong phap
danh gia mdi theo mdi uon phuong phap ubn 1 diém, phuong phap uén 2
diém va phuong phap uén 4 diém.

Ca 3 phuong phap nay c6 thé ap dung cho 2 loai miu (Hinh 2.11):
dang tru (a, b, ¢) va dang yén ngua (d, e, f).

Mau dang try 2.11c sir dung cho phuwong phap thir moi uén 4 diém
duoc chon thyc hién trong nghién ciru nay. Loai mau nay thuan loi cho quéa
trinh do chiéu day va nhiéu xa tia X 16p phu.

Hinh 2.11. Cac dang mau thir nghiém moéi theo tiéu chuan ISO 1143-2010
2.4 Nguyén Iy ma va tinh chét cia 16p phi créom

2.5 Phun phi HVOF

2.6 Nhiéu xa tia X va &ng dung do ing suat dw

2.6.1 Hién twgng nhiéu xa tia X

2.6.2 Pinh luit Bragg va diéu ki¢n nhiéu xa [76]

Khi chiéu tia X c6 budc song (10™ lOZA) tuong ung voi khoang cach
giita cac mat phing nguyén tir vao vt rin tinh thé sé xuat hién cac tia nhidu
xa v&i cuong do va cac phuong khac nhau, cac phuong nhiéu xa phu thudc
vao budc song cuia birc xa toi va ban chat ciia mau tinh thé. Pinh luat Bragg
thiét 1ap mdi quan hé giita budc song tia X va khoang cach giita cac mit
nguyén tu:

ni = 2dhk|sin9 (228)



trong d6 n=1, 2, 3... dugc goi la bac phan xa.
2.6.3 Cac yéu té anh huéng dén cwong dd nhiu xa LPA
2.6.4 Chiéu siu xuyén qua cua tia X
2.6.5 Nguyén ly do ung suit dung nhiéu xa tia X

Ung suat du dugc xac dinh tir vi tri dinh ciia hinh nhidu xa, khi xuét
hién tng suét trong 16p bé mit thi khoang cach dy gitra cac mit nguyén tir
s€ thay ddi. Tir viée tinh toan vi tri dinh nhidu xa ta c6 thé tinh toan ung
sudt thong qua bién dang.

Theo dinh luat Hooke, bién dang dan hdi didng hudng qua bién ddi c6
thé xac dinh thong qua cong thirc sau:

. 1+v 2 . 22 s 2
SM/:&;— Z (o, ,cos” ¢ +o,,sin2¢+0o,, sin ¢—0'33)s1n v
1+v v
+—E O, —E(O'“ +0,, +0,;) (2-48)

-Q—HTV(O'13 COS@ + 0, sing)sin 2y

Hoic c6 thé viét (2.48) duéi dang:

oody,—dy 14y v
_%w "% _ L2 2.49)
&, = = o, sin“ (o, +0,,) (

[2 ) 11 22

v d, E E

trong d6: 6, = 5, cos” p+0,,5in2¢+ 5, sin”
Tu phuong trinh (2.49), khoang cach nguyén tur d,, duogc tinh theo
cong thuc:
d,, =d, EVO' sin®y —d, (0'11+0'22)+d0 (2.50)
bay la phuong trinh thé hién mbi quan hé dg\- sin“y ¢6 hé sd goc m
la:

- 4

m=d, “?Va (2.51)

d=m.Sin’y +n

Khodng cch nguyén tir - d

Hinh 2.22. D6 thi d-Sin’y
_ Tu phuong trinh (2.51), ing suat du c6 thé duge xac dinh thong qua
hé s6 goc m la:



_m E, (2.52)
dy, 1+v
Véi dp 1a khoang cach mét tinh thé & trang thai khong tng suit duoc
tinh trén d thi d-Sin*y tng voi gia tri:

Sinzl//* :L (2.53)

%y

Chuong 3. VAT LIEU-THIET BI VA PHUONG PHAP THi NGHIEM
3.1 Vit li¢u

- Vit lidu nén (thép C45)

- Vit liéu phu: crém cting va carbide vonfram
3.2 Thiét bi phuc vu thi nghiém

Mot s6 thiét bi duoc str dung dé danh gia cac tinh chat cia 16p phu:
chiéu day 16p phu, tng suét du, khao sat mat gy moi cua chi tiét duoc gisi
thi¢u 6 Hinh 3.1.

a) Lo nung Thermal Electric b) Thiét bi do chiéu day I6p phii
Furnace (Nhat) MiNiTest 600B-Elektrophysik

N

i . : d 2
¢) Mdy nhiéu Xg tia X - X'Pert Pro d) Hé thong SEM-S4800
Hinh 3.1. Mot s6 thiét bi chinh dugc sir dung trong nghién ctru

bé phuc vu cho nghién ctru thyc nghi€ém ctia luan an, thiét b thi nghiém
moi u6n da nang MU-2016 tai phong thi nghiém REME Lab (Truong Pai hoc
Su pham K thuat Tp. H5 Chi Minh) duoc st dung.
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Hinh 3.16. May thi nghiém moi ubn 4 diém MU-2016
3.3 Nghién ciru dé xuit két cdu va quy trinh ché tao chi tiét miu
3.3.1 Két cAu chi tiét miu
Duya vao tiéu chudn ISO 1143:2010 va diéu kién thuc té ciia may thi
nghiém moi, mau chi tiét thi nghiém kiém tra d6 bén moi ché tao tir thép
C45 dugc dé xuat nhu & Hinh 3.19.

160+0.1

60+0.1 40£0.05 60+0.1

§12:4%2

?7.5+0.02

\ 19
2,
vy

%

Hinh 3.19. Ban v& thiét ké mau thi nghiém méi theo tiéu chuan ISO
1143:2010
Khi tién hanh thi nghiém dé xac dinh d6 bén moi can phai dy doan
mirc ing suit ban diu dé c6 thé phan bd cac muc Gng suit chay moi trén
méy thi nghiém méi. Dya vao tiéu chuan ISO 6892-1(2009) mau chi tiét thi
nghiém kiém tra d6 bén kéo ché tao tir thép C45 duoc dé xuat nhu ¢ Hinh
3.20.

Es01 £7:01 £

F”‘ a140
fi

Hinh 3.20. Ban v& thiét ké mu thtr d6 bén kéo
3.3.2 Quy trinh ché tao chi tiét miu

Theo tiéu chudn ISO 1143:2010, tiéu chuan vé thi nghiém moi udn
quay bdn diém, dé co thé co dugc két qua thi nghiém véi do tin cdy cao thi
chi tiét mau thi nghiém yéu cau phai dat dugc tinh dang huéng, dong nhat.
Diéu nay c6 nghia 1a chi tiét mau phai dugc xir Iy nhiét (xir Iy thd va lam
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hat nho lai, dong déu) trudc khi dua vao gia cong co khi. Mot quy trinh ché
tao cac chi tiét mau phuc vu thuc nghiém duoc d¢ xuat nhu ¢ Hinh 3.21.
Phoi

'

Xt Iy tha

!

Tign tho

v

Nhiét luyén
(To6i + Ram)

!

DPanh bong

'

Do do bén kéo

|
' !

Ma Crom véi Phun cat
chiéu day khac
nhau l

Do d¢ cimg

A 4

A

DPo d bong

Phu HVOF

'

Hinh 3.21. Quy trinh ché tao chi tiét mau phuc vu thuc nghiém

3.4 Thiét ké thi nghiém theo phwong phap quy hoach thye nghiém
3.4.1 Lua chon s6 1an thi nghiém
De xdy dung dudng phuong trinh moi tmg véi cac chiéu day khac nhau,
can tién hanh ‘nghién ctru anh hudng cua thong s6 diu vao 1a tmg suat ap tai
0, va thong s6 dau ra 1a sé chu ky N; twong (mg. Véi mot thong sé dau vao,
theo phuong phap quy hoach thuc nghiém, ta c6 sé thi nghiém 1a [79]:

N=2*+2.k + ng (3.1)
Trong do6: k 14 s§ yéu t6 anh huéng; ng sd thi nghiém & tim phuwong an
Nhu vy chi vi mot yéu td anh hudng 1a tng sudt ap tai (k=1) va chon sb
thi nghiém tdm phuong an ny=1, ta c6 sb thi nghiém la:

N=2'+21+1=5

Dé dap tmg sb liéu c6 do tin cdy cao va mang y nghia thong ké, sé 1an lap
lai ciia mdi thi nghiém 1a 3 1an [79-81]
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3.4.2 Qua trinh thi nghiém moéi

Dé xay dung phuong trinh méi cho mot loat mau véi sé liéu thuc nghiém
dat do tin cy cao nghia la phai thyc hién thi nghiém moi it nhit tai 5 murc
ung suat va mdi mirc (g sudt lap lai 3 lan [80, 81]. Dya vao dudng cong
moi chuén cta vat liéu C45 va gidi han chay o ¢c6 dugc tir thuc nghiém ta
c6 thé dé xudt mirc ing suit co s¢ dé tién hanh thi nghiém moi.

Murc ing suit co s& duoc lua chon so bo dwa vao 3 gia tri dau tién 13 (66%,
59%, 56%)o. [46]. Cac gié tri so bd 6 va b trén mo hinh toan dudng cong
moéi duoc tinh toan qua cac s lidu thuc nghiém tng v6i giéi han chay o,
trén. Tur cac gia tri 6t vab so bod co duoc, dudng cong moi so bo dugc
thanh 1ap dé lam co so cho viéc lya chon cic mirc ng suat tiép theo cho
hai diém ng suit con lai. Bé xac dinh gii han moi, tir gia tri ing suét Gng
v6i 107 chu ky duoc xac dinh qua dudng cong moéi so bo, ta tién hanh thi
nghiém moi dé xac dinh s6 chu ky thuc nghiém twong mg. Sau khi xéac
dinh cap gia tri Ung suat - chu ky nay, ta thém hodc bét 1 lugng Ac, cho
dén khi dat duoc s6 chu ky 1a 107 (giéi han moi) tmg v6i mirc ing suét o,
Céach b tri thi nghiém dugc thé hién trén Hinh 3.23.

e o 1

Gao @

<
©
<

Hinh 3.23. C4c budc lya chon g suat thi nghiém [81]
Khi dat dugc toan by dir liéu thuc nghiém, phuong phap binh phuong t6i
thiéu dugc st dung dé xac dinh chinh xac hé s6 o va b.
3.5 Phén tich, xac dinh chiéu day ma phi
Chiéu day ma phu 1a mot thong so rat quan trong d6i v6i chi tiét duoc phu.
N6 anh hudng 16n dén co tinh chi tiét sau khi ma phu. Viéc liwa chon chiéu
day ma phu thudc vao yéu cau lam viéc va kich thude cua cia timg chi tiét
cu thé. Trong ludn an, chi tiét mau thi nghiém moi duogc thiét ké theo tiéu
chuin ISO 1143:2010 c6 dudong kinh phan ma phu 1a ©7.5 mm nén chiéu
day 16p ma phii crém khong thé qua 16n. Trong thuc té, kich thudc cla cac
truc 16n hon nhiéu nén 16p pha s& c6 pham vi bién dong 16n hon (day hon),
do vay can x4c dinh chidu day 16p phu trén chi tiét mau mot cach phu hop.
Qua qua trinh khao sat, phan tich tai liéu nghién cru anh hudng cia lop
tang bén bé mat dén d6 bén moi cua chi tiét may, ddc biét 1a cac cong trinh
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nghién ciru cia Sirina va Genel [83, 84], di si dung ty 1& chiéu day
phu/dudng kinh truc (t/d) dugc su dung dé nghién ctru danh gia anh hudng
ctia chiéu day 16p ma crom va 16p phu HVOF.
Tir két qua khao sat thuc té, cac cong trinh nghién ctru vé chiéu day 16p ma
phii [20-22, 64, 78, 85-91], d& xuat chi tiét mau co ving kich thudc @7.5
mm dugc ma phi véi chiéu day nhé nhit dé nghién ciru 13 10 pm va chiéu
day t6i da 1a 90 pm. Dé xay dyng dudng cong moi cho mdi chidu day, ta
can thuc hién thi nghiem tai 5 diém luc khac nhau va moi diém luc lap lai 3
lan [80,81]. Viy, 0 lugng mAu c6 thé chia nhu sau:
+ 15 mau mavoi chiéu day nho nhat, day 10 pm;
+ 15 miu ma véi chiéu day thong thuong, day 30 pm;
+ 15 mau ma véi chiéu day thong thudng, day 60 pm;
+ 15 mau ma véi chiéu day ti da, day 90 um.
Trong cong nghé phu HVOF, ta khong thé phii 10p qua mong vi yéu t6 k¥
thudt nhu phai phun hat Al,O5 tao nham trudc khi pht, qua trinh phti khong
thé diéu chinh luong cip bot nhé qua it trong mot lan phi. Vi vay, dbi véi
phuong phap phu HVOF, tac gia phu voi 3 chiéu day 30 um, 60 pm, 90 pm
V6i s6 luong mau nhu sau:
+15 mau phi day 30(um): chiéu day nhé nhat
+15 mau phii day 60(um): chiéu day théng thuong
+15 mau phii day 90 (um): chiéu day tdi da
3.6 Quy trinh ma créom va phu carbide vonfram
3.6.1. Quy trinh ma créom
Qué trinh thuc hién ma dugc thuc hién tai cong ty Co khi Minh
Phuong (Linh Trung - Thu Pac, Tp. HCM). Ma crom dugc thyc hién theo
quy trinh chuan va sir dung dung dich ma chi ra & Bang 3.6 vdi cac thong
s6 ma dugc ap dung trong cong nghiép hién nay.
Bang 3.6. Dung dich ma va ché

do6 ma [64]
Thanh phén 5
dung dich va ché Han(l l/lI;"mg
do ma 9
CrO; 250
H,SO, 2.0 [T | T
Ndng do Cr* 3-6 = ~ =
Nhiét do, °C 55 Hinh 3.26. Chi tiét mau sau khi ma
i, (A/dm?) 30 crém
(%) 1
Ti 16 CrO4/H,S0, 100/1
Ti 1€ dién tich cac )
cue S5, 11- 2 1
Tocdd a, um/ph | 0.15-0.60
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3.6.2 Quy trinh phi HVOF
Qua4 trinh phun phu 16p phit bot WC-10C0-4Cr trén nén truc thép C45 bing
cong ngh¢ phun nhiét HVOF dugc thuc hién tai cong ty TNHH Phun phu
An Binh (Tp. Ho Chi Minh).

Trude khi tién hanh phun phu, mau duoc duge tao nham bﬁng cach
phun cat Al,O5 v6i cac théng sé nhu & Bang 3.7. Sau qua trinh phun cét tao
nham bé mit, chi tiét miu dugc phi trén hé thong phun phi Jet-Kote theo
cac thong s6 nhu & Bang 3.8. Thong s cia qua trinh phu duge lya chon
dya trén su t6i vu vé do cung, do xép va d6 bam dinh cta 16p phu thong
qua luan an Tién si ctia tac gia Nguyén Thanh Phu [60].

Bang 3.8. Thong s6 qua trinh phu

Bang 3.7. Thong $b qua trinh HVOF
phun cat tao nham Ap suat oxy 150 psi
Ap suat 4 bar Luu luwong khi oxy 200 I/min
Khoang cach 150 mm Ap suat khi chdy (LPG) 50 psi
Goc phun 60~90° Luu lugng khi chay (LPG) 40 I/min
Loai cat: AL,O, 0,443mm ~ Ap suat khi cho may cap | 80~100 psi
0,686mm b
PO nham bé mat | Ra=4,3 um Luu lugng khi cap bot 10 I/min
Khoang cach phun 250 mm
Toc d6 quay 240 rpm
G cphun 80~90°
Toc d6 tinh tién 600 mm/min

G [ 4

a Qua trinh phu carde b) Sau khi phii xong
Hinh 3.28. Qua trinh phi HVOF

Hinh 3.29. Chi tiét mau sau khi phit HVOF

Chuong 4. KET QUA NGHIEN CUU LY THUYET
4.1 M6 hinh toan dwong cong méi cho chi tiét dang truc
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4.1.1 So' dd md hinh thi nghi¢m méi
So do nguyén ly tao moi udn quay 4 diém trén mdy thi nghiém moi cho chi
tiét dang truc dugc trinh bay trong Hinh 4.1.

Béng co [ A

A e

Py/2 Chi tiétmiu pyz

Cym trye Cym trye
chi djng bj déng

P

Hinh 4.1. So d6 nguyén 1y tao moi udn quay 4 diém
DPong co truyén chuyen dong quay cho cum truc chu dong va truc bi dong
thong qua khdp n6i mém va chi tiét mau. Luc tac dung tic dong 1én hai dau
ctia chi tiét mau theo phuong thang dung dé tao moi. Gia tri luc tac dung s&
dugc do bang cam bién luc (loadcell). S6 chu ky gdy moi duoc do bang bod
ma hod vong quay (Encoder). Cac thong s6 v& luc tac dung va sb chu ky s&
dugc hién thi trén man hinh
Puong cong méi (S-N) dugc xay dyung trén co s& gid tri ing suit o, va sd
chu ky pha huy N. Tuy nhién, khi thuc hién thi nghiém méi, tai tdc dung 1én
chi tiét mau 14 luc P (Hinh 4.2) nén gia tri ing suat duoc tinh thong qua luc
tac dung nay.
Duya vao tai tic dung 1én chi tiét mau ta c6 so dd chiu luc sau:

O min=- 0,

M,=P.l
Hinh 4.2. So d6 cac luc tac dung 1€n chi tiét mau
- Momen udn cua chi tiét mau dugce tinh theo cong thure:

, ~ M,=P.I (Nmm) , (4.1)
- Ung suit uon tac dung Ién chi tict méu'
M, Pl 32PI
o, b=— (4.2)

! W W -~ rd®
Trong do: + P (N) la luc tac dung
+ 1 (mm) la khoang cach tur vi tri dat luc dén tam cum lic
+ W, (mm?®) 1a mémen chdng udn
+ d (mm) 1a duong kinh chi tiét mau
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4.1.2 Mb hinh toan dwong cong méi cho chi tiét dang truc
X4y dyng m hinh toan cta dudng cong moi 1a thiét 1ap duoc phuong trinh
duong cong moi voi mdi quan hé mg suit 4p tai o, va sb chu ky dat duoc
N:. Khi danh gia do bén moi voi tidu chi 1a Gmg suat-bién dang, co6 ba mo
hinh duogc st dung rong rai nhét 1a mé hinh Stussi, Weibull va Basquin.
4.1.2.1 M6 hinh Stussi
Puodng cong méi theo md hinh Stussi dugc xac dinh qua (mg suat ung véi
chu ky moi N [1]:
oL = O-T1+ CN PF;O',: (4.3)
+CN
Trong d6 : oe: Ung suat ing véi chu ky moi N ; og: Gigi han moi
or: gi6i han bén kéo ;C,p: hé sb chdng moi
Dé xéc dinh cac hang s0 C va p, nguoi ta dung phuong phap Thur va Sai(the
Trail-and-Error) dé tim tri sb oF.
4.1.2.2 M6 hinh Weibull
Mo hinh toan phuong trinh duong cong méi Weibull[1] dugce xir 1y trong
hé truc toa do lgo-IgN:
IgN =Igk —mlg(o — o) (4.9)
Trong do: N: s6 chu ky; og: Ung suét
or: Gioi han moi; k,m: hang s6 cua vat liéu
Gia tri of cling dugc xac dinh theo phuong phap Thir-Va-Sai. M6 hinh nay
thuong duogc st dung khi danh gia xac sudt pha hity moi ciia mau.
4.1.2.3 M6 hinh Basquin.
Dé xdy dung dudng cong moi véi mdi quan hé ting suat va chu ky, Basquin
da dé xuat mo hinh toan [92]
o, =0(2N,)" (4.5)
Trong do: Ga: bién d6 Umg suat; o’;: hé s6 d6 bén moi
2Ni : s6 chu ky pha hay; b: hé sb mii Basquin
M0 hinh toan véi phuong trinh mil nay dugc danh gié 1a twong thich véi
phuong trinh moi Wohler va dugc sir dung nhiéu trong nghién ciru moi
hién nay [93 - 97], dic biét 1a trong danh gi4 anh hudng cua xir Iy bé mit
[98] ciing nhu phu bé mat dén d6 bén moi cua chi tiét nén [99 - 101].
Qua qua trinh tham khao, phéan tich cac cong trinh nghién ctru anh hudng
cta 16p phu bé mat dén d6 bén moi cua chi tiét di cho thidy, md hinh
Basquin (4.5) 1a phii hop dé danh gia anh hudng cua 16p ma crém va 16p
phu HVOF. Tuy nhién, day 1a m6 hinh téng quat dung trong nghién ciru vé
do ben moi noi chung. Pé co thé ap dung vao nghién ctru trong bai toan
moi ubn xoay ng voi chi tiét truc, can xay dung mo hinh toan vai cac hé
s6 6’5 (hé sb @6 bén moi) va b (hé sd mil) tuong tng dya trén md hinh toan
nay.
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T mo hinh thi nghiém moéi uén quay 4 diém cho chi tiét dang truc,
0. (bién d6 g sudt) chinh 13 timg suit ubn o, dugc tinh trén cong thic 4.2
va 2N; 1a s6 chu ky c6 tir thuc nghiém. Cac hé sé ¢’ va b dugc xac dinh
thong qua cac thong sd nay.

Vi cac cap gia tri (our, 2N1), (6w, 2N2) ... (6w, 2N,) nhan dugc tir
thi nghiém chi 1a nhimg gia tri gin ding nén ching khong hoan toan 1a

nghi¢ém ding cua phuong trinh o, :a},(ZN i )’. Vi vay sai léch so véi
phuong trinh chuan la:

=0y Ny =

0, =0, 2N,)) =v,

0,;—0, 2N, =v,

' b
0,,~0; (2an) =v,
v6i vi 12 céc sai sb.
O day, phuong phap binh phuong tdi thiéu dwoc sir dung nén tong
sai phan S duoc xac dinh la:

§=Yv?=(c, 2N, -0,) —>min (4.6)
j=1
Vay o’¢+ va b phai thoa cac phuong trinh:
aS _ C b ’ b _
7_Z“(zzvfn) (¢ 2N, -0,)=0
ro 4.7)
g—ia’ b.2N, ) (o} 2N, )" -0,)=0
ab - f o fn f n un’

Giai phuong trinh trén ta duoc:

Zn:(lnau)—bi(ln2Nf)
_ =l j=1

n

ny (nc,In2N,)-» (Inc,)> (In2N,)
j=1 j=1 j=1

nZn:(ln o, )y - (Zn: Ino, )y
j=1 j=1

J=1

G; 4.8)

b=
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Vé6i phuong sai va hé sé xac dinh duge tinh nhu sau:
1 < b
= (c,-0, (2N,)")
n—2 ]Z] j f f
1 2
{ZanNf.lnau —nZInZNfZInO'u}
Ino ) In2N,)* |
[Z(anNf)z _M][Z(lnau)z _u
n n

R (4.9)

Tir cac tinh toan, phan tich trén, mé hinh toan dudng cong moéi udn
cho chi tiét dang tryc s€ la:

b

o, =0y (2N¢)

32P
o, =——

z.d

Y (n,)-b> (IN2N,)

' j=1 j=1

Uf =

n

03 (G, n2N,) - Y (ns,) Y (n2N,)
nzn:(ln c,) - (anln c,)’

4.2 Ham hép thu tia X trong qua trinh do ing suét
4.2.1 Gi6i thiéu vé& ham hép thu tia X

Nhu d trinh bay trong chuong 2, g suat duoc tinh thong qua vi tri
ctia dinh nhiéu xa tia X. Tuy nhién, viéc x4c dinh chinh x4c vi tri dinh cla
dudng nhiéu xa thi phai dwoc hiéu chinh bai hé sé phan cuc va ham hép thu
LPA( Lorentz-Polarization and Absorption). Trong d6 ham hip thu A la
quang trong nhat béi vi no anh huong 16n nhéat két qua do ing suat. Do vy,
tac gia nghién ctru thiét 1ap ham hap thu tia X dé hiéu chinh duong nhiéu xa
trong qua trinh do tng suat. Tir d6, két qua do g suit s& co do chinh xéac
cao hon.
4.2.2 Phwong phap do kiéu Q va kiéu ¥

Phuong phap do Q (Iso-Inclination method) la phuong phap do ma
tia t6i AB va tia nhidu xa BC déu nam trong mit phang do tg suat (Hinh
4.4). Tia to1 AB co cuong do nhiéu xa 14 I, tng voi dién tich mat cat ngang
la 1 x 1 (mm). Tia nhiéu xa BC ¢6 cuong do 1a I thu duoc trén mot thé tich
tinh thé dugc nhidu xa duge tinh qua dién tich nhiéu xa 1a S tuong Ung

b=
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chiéu dai 1; va chiéu rong 1, VO‘l chiéu cao 1a dz. Tia AB va BC tao mot goc
o va B voi phuong phap tuyén BZ cta bé mat do. C6 hai cach do trong
phuong phap do Q 1a c6 goc y va yo. Dbi véi phuong phap do Q ¢b dinh
g0c Yy, tia téi AB dugc co dinh va tia BC thay 601 (twong Ung véi thay dbi
goc nhiéu xa 260). Trong khi phuong phap do Q ¢ dinh goc v, tia phan giac
BD cua tia téi AB va tia nhiéu xa BC duoc cb dinh, tia téi AB va tia nhiéu
xa BC thay d6i (trong g véi thay doi goc nhidu xa 26)

Doi vai phuong phap do ‘¥ (Side-Inclination method), tia t6i AB va
tia nhiéu xa BC nam trong mit phang vuéng goc v4i mit phang do ing suat
(Hinh 4.5a)

—

Lo - A s x
Be mat man do ~ Bé mit mau do

Huéng domg suit >
Hudng do wng suit

1

Hinh 4.5a. Phuong phap do ¥

Hinh 4.5b. Co dll’lh n Hinh 4.5c¢. C6 dlnh Mo

'Tuong ty phuong phap do €, phuong phap do ¥ cling c6 hai cach
do 1a cb dinh goc 1 va ¢b dinh goc . D01 v6i phuong phap do W ¢b dinh
goc M (Hinh 4.5.b), tia téi AB dugc ¢ dinh voi dudng vudng goc véi bé
miat mau do BI mdt goc 1o va tia nhidu xa BC thay ddi ung véi goc 26.
Trong khi phuong phap do ¥ ¢6 dinh goc n (Hinh 4.5.¢), tia phan giac BD
ctia goc hop boi tia téi AB va tia nhidu xa BC dugc ¢b dinh vudng goc véi
bé mét mau do.
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4.2.3 Ham hip thu tia x ciia phwong phap do Q va ¥

bé 1ap ham hép thu tia X, cuong do nhiéu xa I va cuong do tia toi
lo phai dugc xac dinh. Su h?ip thu tia X 1a sy chénh léch gitta hai cuong do
tia X nay. Cuong dé nhiéu xa ap dung cho vt liéu dugc tinh theo cong
thire [104,105]:

dl =al, exp[-u(F*®;.AB+F®;.BC)]Sdz (4.10)

Trong d6 Fj; 1a thong s6 huong cua vat lidu, dbi véi vat lidu di huong
no 1a ma trn cua céac cosin chi hudng. Doi voi vit liéu dang hudng, thong
s6 hudéng bang nhau theo moi phuong va la hang s6 nén cong thic trén
duoc viét lai [105]: dI =al, exp[—x(AB + BC)]Sdz
z z

,BC =
cosa cos B

K z z
| =|l,aexp|— + l,1,dz
'<[ ° p{ 'u(COSa cos,BH12

l,a CoS.Cos 3 1 1
=" l, —————"—exp| —uz +
7, CoS S +cosa coSa cosp
_Io_aI | COS x.COS B
4 "% cosB+cosa
Ham hap thu tong quat duogc tinh:
I COS.COS
A=—=I1I2—ﬁ (4.12)
I cosa +cos B
Pay 14 cong thic tinh ham hap thu tong quéat d6i voi hai phuong
phap do Q va VY. 3
4.2.3.1 Truwong hop khong gidi han dién tich nhiéu xg .
Trong truong hop do ung suat khong gidi han dién tich nhicu xa
3 \ 1
(Hinh 4.4), chiéu dai 1; va chiéu rong I, dugc xac dinh : |, =—— 1, =1
COSx
Déi véi phuong phap do Q ¢ dinh goc o, ta co: a = yo va B = yo + 21
Suy ra: COSo = COSy/,
cos f =cos(y, + 217) = —cos(y, — 26) (4.13)
Véi n=90° -0
Thay cong thuc (4.13) vao cong thuc (4.12), ta c6 ham hép thu A
cho phuong phép do Q ¢6 dinh goc yo:

Véi AB =

00

0
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—Ccos(y, — 20)
cosy, —Cos(y, —26)
Déi véi phuong phap do Q ¢b dinh goc v, ta co: o = y - 1 va 1 = 90°-0

COSar =COoSy, =Sin(y + 6)

A=

(4.14)

Suy ra (4.15)

cos 3 = cos(y + 1) = cos(y +90° — ) =—sin(y — )
Thay vao cong thic (4.12), ta dugc phuong trinh tinh ham hap thu cho
phuong phap Q ¢o6 dinh goc v :
B —sin(y —6)
sin(y + 0) —sin(y — 0)

Cong thuc (4.16) tinh ham hép thu tia X cho phuong phap do Q ¢
dinh goc vy duoc thict 1ap bai Koistinen [102].
Doi vai phuong phap do P, chicu dai 1; va chiéu rong |, dugc xac dinh :

1 1
I, = 1, = (4.17)
cosy cos7n

Tur phuong phap do W ¢d dinh ne, ta co: COSa = COSYCOSN, VA cosp =
cosycosn, thay 7, =90° —4,, n° =180° - 207,
Suy ra COS¢ = COSy/ COS7j, = COSY/Sin g,

(4.16)

Cos B =Cosy Cos7 = cosy cos(180° —26 —1,) (4.18)

= cosy cos(90° — (20 - 6,)) = cosysin(20 - 6,)
Thay vao (4.17) va (4.12) ta dugc, phuong trinh tinh ham hép thu cho
phuong phap W ¢6 dinh géc 1o :
A 1 COSy COS 17, COSY SIN(26 —6,)
COSy COS 77, COSy Sin @, + cosy sin(26 — 6,)
3 sin(260 - 6,)

sing, +sin(20 - 6,)
Déi voi phuong phéap ¥ cb dinh goc 1, thay goc 6=0, vao cong thuc (4.19)
ta c6 ham hap thu:

1

4.2.3.2 Trwong hop gidi han dién tich nhiéu xg . .
Trong truong hop gidi han dién tich nhicu xa, chicu dai 1; va chiéu
rong I, duge xac dinh |, =11, =1

(4.19)
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Thay vao cong thic (4.12), ta c6 cong thirc ham hap thu tépg quat
cho phuong phap do Q va ¥ trong truong hop gigi han dién tich nhiéu Xa :
I COS x.COS
A=t _ COSaCOSS (4.21)
I, cosa+cosp
Vi phuong phap do Q cb dinh goc o, ta thay (4.13) vao (4.21), ta co:
_ —Cosy,.cos(y, —20)
Cosy, —CoS(y, — 26)

Tuong ty, ta thay (4.15) vao (4.21) ddi v6i phuong phap do Q ¢b dinh goc
v, ta co:

(4.22)

_ —sin(y +0).sin(y —6) _ cos2y —cos 26
sin(y +6) — sin(a,u d) 4siné.cosy
Véi phuong phap do W ¢b dinh goc no, ta thay (4. 18) vao (4.21) ta duoc
phuong trinh tinh ham hap thu cho phuong phap ¥ ¢6 dinh goc 1 :

A COSy Cosyg cosysin(20—6,)  cosy.sinG,.sin(260 - 6,)
Ccosy sin @, + cosy sin(260 - 6,) sing, +sin(20 - 6,)
Dbi v6i phuong phap do ¥ ¢b dinh goc 1, ta thay goc =0, vao (4.24) ta
co:

(4.23)

(4.24)

A= %cosz//sin o (4.25)

Vdy cong thue tinh ham hép tia X cho ca 2 phuong phap do Q va ¥ duoc
tong hop trén Bang 4.1 )
Béing 4.1. Ham hap thu tia X cho phuong phap do Q va ¥

Phuong (i?)c Khong giéri~han dién tich Gi6i han dién tich nhiéu
phép do dinh nhieu xa Xa
—cos(y, — 20) —COSy,.Cos(y, — 26)
Yo | cosy, —cos(y, —20) | cosy, —cos(y, —26)
Is0(Q) —sin(y —6) COS 2y —C0s 20
v sin(y + &) —sin(y — 0) 4.sin@.cosy
sin(260 - 6,) cosy.sin,.sin(26 - 6,)
Side(¥) 1 sing, +sin(20 - 6,) sin@, +sin(20 - 4,)
n 1 lcos://sin 0
2 2
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4.3 Tinh sai s6 cho tng suit

Sau khi ¢6 dit liéu nhidu xa, c¢6 nhidu phuong phap dé xap xi duong
nhidu xa dé tim ra dinh nhiu xa tir d6 tinh duoc khoang cach cac mat
nguyén tir d. Mot s6 phuong phap xap xi cé thé dung: dung ham Parabolic,
C.0.G, Lorentzian, Gauss... [106]. Trong do6, xap xi dudng nhiéu xa véi
ham Gauss cho do chinh xac va sai s thap nhat vi ham Gauss mang tinh
thong ké va co d6 tin cdy cao. Do vy, trong ludn an s€ thanh lap cong thirc
tinh toan sai s6 khi tinh toan tng suét du tir gid trj nhiéu xa khi 4p dung
ham Gauss. Phuong phap binh phuong tbi thiéu dugc sir dung dé xac dinh
sai 86 ung sut du.

Két qua sai s6 clia tmg suat duoc tinh theo cong thic:

o, =K. |> A’ (4.30)
j=1

Tir d6 95% tin cay clia gia tri (mg suat duoc tinh toan 1a:
Ao, =+1.960, (4.31)

Chuong 5. KET QUA NGHIEN CUU THUC NGHIEM
VA BAN LUAN

5.1 Nghién ciru dé xuit quy trinh xir nhiét chi tiét miu
5.1.1 Xir 1y thé
Muc dich ciia qua trinh nay 1a lam mét t6 chic thd (texture) ciia phoi do
qua trinh kéo/can giy ra, dong thoi 1am nho hat va tao tinh ding hudng
trong mau. Phoi thép duoc sir dung trong nghién ctru nay 1a thép can dudng
kinh nho (¢14 mm) nén sau khi kéo/can co céu trac hat bi kéo dai theo
phuong can (rolling dlrectlon -RD), hmh thanh cau truc tho.

Hinh 5.1. Mau trude kh1 Xtr ly tho phuong can
Két qua chup to chirc té vi trén may hién vi quang hoc cho thiy to chirc té
vi ctia miu (phoi) khong dong déu va bi thd rat manh (Hinh 5.1, anh chup
theo phuong RD). Chinh diéu nay lam mat tinh ddng huéng ctia mau va s&
anh huong khong tot dén két qua thi nghiém néu khong thyuc hién xir 1y tho.
Ngoai ra, nhiéu cong trinh nghién ctru ciing cho thiy sy anh hudng ciia cau
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trac thé dén co tinh, kha ning cit got ctia phdi thép va chi tiét may [107-
110]. Do vay, mdt s6 qui trinh xir 1y nhiét loai bo cdu trac thé nhim cai
thién co tinh cua thép da dugc Schindler va Abrao nghién ctu [110, 111].

Mot qui trinh @ két tinh lai thuong duoc st dung cho thép C45 da tién
hanh thuc nghiém cho phdi thép kéo/can duong kinh ¢14 mm & nhiét 6 &
500°C, thoi gian gitr nhiét 1an lugt 13 6, 8 va 10 gio [112]. Két qua cho thy
cAu tric thd cb cai thién nhung van con hién dién kha dang ké, thé hién
trong Hinh 5.2

c) 10 gio
Hinh 5.2. Ciu tric té vi ctia thép C45 theo phurong can sau qui trinh 1 két
tinh lai thong dung & nhiét do 500°C. (Dung dich tam thuc: 4% Nital)

Trén co s& d6, mdt quy trinh nham loai bo mot céch triét dé cAu trac thd,
lam cho hinh dang hat ddng nhat ca phuong theo chiéu can va phuong
vudng goc chiéu can da dugc dé xuat. Qui trinh xtr 1y nhiét nay glup nang
cao tinh cat got, tao c4u tric hat nhé nham nang cao d6 bén moi cho mau
thép C45. Két qua nghién ctru ndy da dugc cong bd trong cong trinh khoa
hoc [113, 114].

Két qua nghién ctru cho thiy, tit ca cac quy trinh déu 1am mit t6 chirc thd
[113]. Tuy nhién, phéi dugc thuong hoa theo quy trinh dé xuat tai nhiét do
920°C trong 15 phut lam mat t& chirc thd triét d& nhat va quy trinh nay
duoc ap dung dé phuc vu céc budc ché tao mau tiép theo.
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Hinh 5.4. Mau sau khi xtr ly tho

Hinh 5.4 trinh bay két qua xtr 1y th khi xem xét t6 chirc té vi dudi
kinh hién vi quang hoc sau khi xir 1y thd. O day ta thay to chirc thd trong
méu da bién mat (4nh chup theo phuwong RD). Tuy nhién, kich thudc hat
con 16n khoang 15 — 50 um va khong déu.

Dé 1am nho hat va tao tinh dang hudng, mot quy trinh méi duge dé
xuit dé 1am nho hat duoc trinh bay [114]. Phéi sau khi xir Iy thé duoc
thuong hoa tai 840°C va sau d6 gia nhiét 1an hai tai 760°C. Mdi cong doan
dugc giit nhiét trong 15 phit. Két qua td chirc té vi trén Hinh 5.6 cho thiy
ciu tric hat tvong d6i ddng déu & ca phuong theo chiéu can & phuong
vudng goc chidu can, co kich thudc khoang 5 — 10 um, mot vai chd co kich
thudc khoang 15 — 20 um, nhé hon nhiéu so véi Hinh 5.4. Diéu ny ¢6 thé
xem la rnauhoan toan 6 tinh dong nhat va dang hu0’ng _

a) Theo hwong vuong goc phzfong can b) Theo hwong doc theo phmmg can
Hinh 5.6. Cau tric té vi ciia mau khi xtr 1y nhiét tao hat nho
va lam dong déu hat
5.1.2 To6i va ram
Qui trinh t6i mau & nhiét do 850°C, gitr nhiét 15 phit va lam ngudi
nhanh trong méi truong nudc 20-30°C [112] nham dat d6 cung trong
khoang 56 — 59 HRC. Sau khi t6i, mau thép dugc tién hanh ram & nhiét do
600°C, thoi gian gitr nhiét 30 phat, lam ngudi trong mdi trudng khong khi
tinh. T6 chic té vi cua mau sau khi toi va ram dugc thé hién trén Hinh 5.7.
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a) Sau khi toi

b) Sau khi ram
Hinh 5.7. Anh chup cau tric té vi ciia mAu sau toi va ram
5.1.3 Két qua do cac thong sé cia mau
5.1.3.1 Pg bén kéo ciia mdu
Bang 5.3. Bang gia tri thuc nghiém d6 bén kéo

Miu Gidi han chay Gidi han bén Do dan dai twong doi
o. (MPa) op (MPa) (%)
1 1.067 1.124 14,925
2 1.090 1.135 14,766
3 1.091 1.168 13,433
Trung binh 1.083+£16 1.143 £25 14,374+0, 941

Qua két qua thir nghiém do bén kéo, chon muc ung suat thi nghiém
méi tbi da ung v6i ung suét 16n nhat Omax™= 70% Gc. Su chon lya nay phu
hop véi mién tmg suat 1am viéc cia chi tiét truc ndm trong gi6i han dan hoi
cua thép C45.
5.1.3.2 Dg nhdam va dp cung

Két qud do dugc the hign ¢ cac Bang 5.4, 5.5 va 5.6.

Bang 5.4. Két qua do do nham mau Ra (um)

Mau thi nghiém 1 3 Trung binh
P06 nham 0,84 0,84 0,87 0,85+0,02

Sai 56 ciia mdy do: +0,05 um 3
Bang 5.5. Két qua do dg ciing ciia mau sau toi

Mau thi nghiém 1 2 3 Trung binh
Bg cing (HRC) | 56,1 58,9 57,9 57,6+2.,5
Bing 5.6. Két qua do do cling clia mau sau ram
Mau thi nghiém 1 2 3 Trung binh
Do cimg (HRC) | 317 30,2 30,8 30,9+2

5.2 Anh huéng ciia chiéu day 16p ma crém dén d9 bén méi
5.2.1 Kiém tra thong s6 ciia 16p ma crém
5.2.1.1 Chiéu day 16p crom.
Két qua do chiéu day 16p ma phu crom la gi tri trung binh sau 5
lan do va dugc trinh bay trong Bang 5.7.
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Bang 5.7. Bang gia tri trung binh chiéu day ma phu

Nhém miu Chiéu day 16p ma (um)
1 (10 pm) 942
2 (30 um) 30+5
3 (60 um) 61+7
4 (90 um) 93+10

5.2.1.2 Bj nhdam lop crom

Bang 5.8. Két qua do d6 nham miu Ra (um)
Mau do 1 2 3 Trung binh
D6 nham 0,75 0,77 0,82 0,78+0,05
5.2.1.3 D¢ cirng lop crom
Bang 5.9. Két qua do d6 cling lop crom (HV)

Mau do 2 Trung binh

b6 cling HV 802 832 821 817+15

5.2.1.4 Tinh todan dp bam dinh lop crom
Pé do 6 bam dinh ctia 16p ma crém, ta dung phwong phap miii do do

cimg Vicker theo tiéu chuan ISO 19207-2016. Trudc tién, mili ddm duoc
dat tai duong tlep giap 16p phu/nén. Sau do, tac dung v6i cac mirc lyc thay
doi tir 1-10 kg. Két qua trung binh 3 1an do duoc thé hién trén Bang 5.10.

Bang 5.10. Két qua do d6 bam dinh ' o Harchessline y-0,7872x+ 1,480

Mirc Luc tac Kich Kich 49 | @ Adhesionline et
luc tac dung thude thirc )
dung P (N) vét | vétnat | SV
(kgf) Idbm | a(um) | T 45
miii
dam d & 1
(pm) “1 :
1 9,807 | 475 2 |
2 19,61 58,3 s ] y=or,{3142§;;;iéo7oe :
3 29,42 69,6 ' o !
5 49,03 94,1 35 w ! . w
10 98,07 162,4 R

Pc InP

Hinh 5.9. Giao diém
(Pc,ac) gitra duong thing
InP-Ind va InP-Ina

Dé tinh toan d6 bam dinh ctia 16p phu, ta phai xac dinh dugc diém
giéi han bét dau xuat hién vét nut. Gia tri diém t6i han (Pc,ac) 1a giao diém
giita duong thing d6 cing (InP-Ind) va duong bam dinh( InP-Ina) dugc thé
thién trén Hinh 5.9. Tur gié tri do ta xac dinh dugc giao diém cua dudng
thang InP-Ind va InP-Ina 1a (35,6646; 73,2572).
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Do bén bam dinh cua 16p ma créom K, (M Pa.m*®) duoc tinh qua
cong thuc [62]:

%
K. =0,015¢ (Ej 0,015 2260467 55979 -0,00617 = 6,17(Mpa.m'?)
a2\ H (73,2572)%

Trong do: E.= 271 GPa [104], Hc =817 HV ~ 8,012 GPa
Es =200 GPa [105], Hs= 30,9 HRC ~ 3,047 GPa

5.2.2 Ung suit dw ciia 16p ma créom

Nhiéu xa tia X ap dung phuong phap d- Sin*y dugc st dung dé tién
hanh phan tich tng sudt du trén cac mau sau khi ma phu. Phuong phap do
¥ ¢6 dinh goc n dugce ung dung dé do g suat Dé khao sat su bién thién
clia g suat du trong 16p ma, cac chi tiét mau dugc xa crom bang dung
dich axit clohydric 30% theo quy trinh cua tac gia B. Eigenmann [115].Vat
liéu crom c6 md dun dan hoi 1a E= 271 GPa va hé s6 Possion v = 0,23
[115], con dbi voi thép C45 lan luot 1a E = 200 GPa va v = 0,3 [116] dugc
sir dung dé tinh tmg suét du ing dung k¥ thuét nhidu xa tia X.

Tir két qua do dac trén may nhiéu xa tia X sau khi dwoc hiéu chinh
bang ham LPA (duoc trinh bay ¢ chuong 4), phan mém OriginPro 8.5.1
duge s dung dé ndi suy duong nhidu xa theo phuong trinh Gauss.Tir do,
Khoang cach mit tinh thé trong cac 16p pht crom dugc tinh trong qua cong
thirc Bragg.

Tir phuong trinh d-Siny, tmg suét du duoc tinh toan theo cong thirc
2.52 va va sai s6 dugc tinh theo cong thirc 4.31 duoc dé xuit & chuong 4.
Két qua thé hién tai Bang 5. 14.

Bang 5.14. Bang tong hop gla trj ing suét du cac mau

STT Chiéu day 16p | Ung sudt bé mat 16p | Ung suat chi tiét nén
phu (um) crdm o,c; (MPa) thép o,r.. (MPa)
1 10 620+25 -66+15
2 30 431429 -84+31
3 60 319435 -68+32
4 90 228+47 -72+30
Nhan xét:

Két qua do Ung sut cho thdy, trong ma créom ludn ton tai tmg suat
du kéo va vét niit té vi. Piéu nay dugc ching minh 1a do qua trinh phén
hay crém hydrua trong qué trinh két tia crom gay co rat thé tich lam phat
sinh tmg suat kéo va cac vét nut té vi.
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c) Chzeu day 60 ,um d) Chiéu day 90 um
Hinh 5.15. Mat d6 vét nut té vi ung voi cac chleu day 16p crom

bé danh gia dinh lugng mat do vét nut té vi cua 16p ma crom,
phuong phap xir Iy anh dya trén dé xuit cta tac gia M. Vidal va cac cong
su [16] da dugc ung dung. Trudc khi tinh toan mat do vét nut té vi cua 16p
crdm, céc anh chyp vét nirt v6i kinh hién vi quang hoc dugc chuyén thanh
anh tring den 8 bit. Qua trinh xur 1y anh dugc thuc hién bang phan mém
Imagel, dé tinh téng s6 diém anh (pixel) mau den twong ng voi vét nirt va
téng s6 diém anh (pixel) mau den va tring cua dién tich khao sat.

c) Chiéu ddi/ 60 pum | d) Chiéu day 90 um
Hinh 5.16. M4t d6 vét nut té vi img vdi cac chiéu day 16p crom
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Mat d6 vét nut té vi dugc tinh thong qua cong thirc[16]:
So dolem 2}111.1 qlnal;l den <100
Tong s6 diém anh
Két qua anh sau khi xir Iy dugc thé hién trén Hinh 5.16 va mat do

vét nirt t& vi duoc thé hién trén Bang 5.15
Bang 5.15. Mat d¢ vet nirt t€ vi cac mau.

Mat do vet nitt(%) =

Chitu di Tong s6 diém Tbdng s6 diém anh Mat do vét
STT | 16p phit ( il) anh den-vét dién tich khao nirt té vi(%)
op phu (1 nirt(pixel) sét(pixel)
1 10 14490 713838 2,03
2 30 18555 715624 2,6
3 60 26286 712460 3,69
4 90 38428 712712 5,4
S ol B Fompinimn
E A\’ 90 microns
\8" 500 ““
4 400 \" ”
&S | "
‘:5 300 |
% «‘
o0 [ G
o 200 - |
b ",‘
Nén 0 f /- -~
1, ~ 20 40 60 80 100

Chiéu day 16p ma Crém, pm

Hinh 5.17. Trudng tng suét du (mg voi cac chiéu day 16p ma crém
Trén Hinh 5.16-5.17 cho théy, khi tang chleu day 16p ma crém, ing
suat kéo co xu hudng glam va mat do vét nut té& vi c6 xu hudng tang
Nguyén nhén 1a do khi chiéu day ting, su co rit tinh thé crom cang 16n dan
dén g sudt du kéo ting va khi dat dén mot gia tri t6i han s& giy ra cac vét
nut t& vi va do su xudt hién cua cac vét nut t& vi nay nén tng suit du kéo
lai giam [64,78]. Cu thé, ddi véi chiéu day 10 um cé tng suat kéo 1a 620
MPa, (g suét kéo giam dén 431 MPa d6i v6i chidu day 30 um, 319 MPa
mg v6i 60 um va s¢ 1a 228 MPa cho chiéu day 90 pm. Tuy nhién mét dg
vét nurt té vi lai ting dan tir 2,03% dén 5,4% tng véi chiéu day 10 pm dén
90 pm. Két qua mat do vét nut t& vi ciia 16p créom 1a phi hop voi nghién
ctru [16] khi danh gid mat do vét nit t& vi trung binh cua 16p ma crom la
3,4%. Tuy nhién, chiéu day 16p ma khong duoc thé hién trong nghién ciru
nay ma tac gia chi néu cac thong s6 clia qua trinh ma. Ciing trén Hinh 5.17
thé hién sy bién thién ng suit du cua 16p ma crém tmg véi cac chidu day
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ma khac nhau.Ung suét tai 16p nén trong khoang -66 MPa dén -84 MPa.
Diéu nay cho thdy, chi tiét nén c6 tmg suat rat nhé sau qua trinh ti va tiép
sau 1a ram cao. Qua trinh ram da xa gin nhu hoan toan tng suat do gia
cong cit got va qua trinh tdi gay ra.
5.2.3 Anh hwéng cia I6p ma crom dén do bén méi
5.2.3.1 Tiéu chi danh gia
- Dua vao s6 lidu trng sudt - chu ky
- Duya vao d6 bén 1au va giéi han moi (fatigue limit)

5.2.3.2 Phén tich — Ddanh gid

Muc dich cta thi nghiém la danh gia d6 bén moi trén nén thép truc
C45 véi cac chiéu day 16p ma phu khac nhau khi phu carbide vonfram str
dung phuong phap phu hién dai HVOF va ma créom cting. Tur d6, so sanh
danh gia do bén moi cua 16p phi carbide vonfram st dung phuong phap
HVOF va ma crém cimg. Bén canh d6, két qua nghién ctru s& dua ra cac
danh gia cho viéc Iya chon phwong phap phu va chiéu day thich hop cho
chi tiét truc.
5.2.3.3 Két qua thi nghiém

Nhu d trinh bay & phan trudc, dé danh gia anh huong cua tung
chiéu day véi cac phuong phap phu, cac thi nghiém can thiét dugc thuc
hién tai nim diém lyc trén cung mot chiéu day va tai mot diém lyc thi
nghiém dugc lap lai 3 lan 3 mau). Tu dit liéu két qud thi nghiém, dudng
cong méi dugc xay dung nhd su hd tro cua phﬁn mém Matlab va mé hinh
toan da trinh bay & chuong 4.

Tir bang s6 liéu c6 duoc tir thuc nghiém, phuong trinh duong cong
moi dugc thanh 1dp cho vit ligu nén C45 va cac chiéu day ma crom khac
nhau dya vao mo hinh toan va cac ) li¢u thyc nghi¢m:

+Vatligunén C45: 5, =2260,52N,) """

+ Ma crom -10pm: o, =1678,12N, o088

+ Ma crom -30pm: o, =1369,52N )"

+ Ma crém -60pm: o, =1306,42N )"

+ Ma crom -90um: o, =987,64(2N ) !

Bing 5.17. Thong s6 phuong trinh méi cho nén va ma crom

z Ty 1¢ 't
Mau (t/d) (MPa) b
Nén C45 2260,5 -0,105

Ma Croém\10 pm 0,0013 1678,1 -0,088
Ma Crom\30 pm 0,004 1369,5 -0,076
Ma Crom\60 pm 0,008 1306,4 -0,075
Ma Crém\90 pm 0,012 987,64 -0,061
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Khi khao sat anh huéng cta 16p ma phii dén do bén méi cia chi tiét,
cac cong trinh nghién ctru chi danh gia qua dd thi (ing suit-chu ky) mot
cach cam quan ma khong dua ra phuong trinh toan hoc cho dudng cong
moi [19-22] [27] [40-43] Trong ludn an, phuong trinh toan cta dudng
cong moi Ung v6i moi chiéu day ma phi duoc xdc dinh. Tur phuong trinh
nay, sé chu ky © ng v6i mot gid tri p tai (Ing sudt chiu tai) bat ky duoc xéac
dinh dé dang. Diéu nay tao diéu kién thuan loi trong viéc nghién ctu cling
nhu ung dung vao trong thyc tién.

V&i hé sb xac dinh R? thé hién trén Bang 5.17 déu ¢o gia tri ~ 1
ching t6 ring phuong trinh méi tmg véi mé hinh toan lya chon 1a rat phu
hop.
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Hinh 5.18. Biéu do duong cong moi cho cac chiéu diy ma crom

Tir db thi dudng cong moéi ctia hai loai mau ma crém va nén C45 trén Hinh
5.18 cho thiy d6 bén moi cua cac chi tiét khi ma crém giam réat 1on so voi
chi tiét nén. Do bén moéi cua chi tiét ma crom cé xu hudng giam khi chiéu
day 16p ma tang. Nguyen nhén la trong 16p ma crém ludn ton tai ing suat
du kéo va vét nut té vi, didu nay anh huong xau den d6 bén moi (gay giam
d6 bén moi). Nhu di d& cap & phin trude, ung suat du kéo trong 16p ma
crom cimg c6 xu huéng giam khi ting chidu day 16p ma. Vé mat 1y thuyét,
didu nay s& lam cho d¢ bén moi sé ting trd lai khi ting chicu day. Tuy
nhién, két qua thuc té khong phai vay do khi ting chiéu day 16p ma crom,
g suat du kéo c¢6 xu hudng giam nhung mat do vét nut té vi lai ting va
mat d6 vét nirt cao nay 1a nguyén nhan 1am cho vét nat phat trién som va
pha huy chi tiét khi chiu ng suét thay ddi theo chu ky.
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Danh gi4 vé giéi han méi (o) tai s chu ky 10’ cho thiy, gidi han
moi cia 16p phi 10 pm 13 o4 = 420 MPa, giam 2,3% so véi chi tiét nén,
trong khi ddi v6i chiéu day ma 30 pm 1a 6., = 400 MPa, giam 6,97% so véi
chi tiét nén. P4i véi chiéu day 60 va 90 pm, gidi han moéi lan luot 1a 6.4 =
390 MPa va 370 MPa nghia 1a giam 9,3 % va 11,62 % so véi chi tiét nén.
Nguyén nhan la do khi 16p ma crém tang chiéu day tir 10 um, 30 pm, 60
pm va 90 um thi mat do vét nirt ting tuong ing la 2,03%; 2,6%; 3,69% va
5,4%. Mat do vét nut tet vi cang cao lam giam lién két trong mang tinh thé
crom va vét nirt phat trién sém hon khi chiu tai trong theo chu ky. Diéu nay
lam giam d6 bén moi trén chi tiét ma crom dbi voi cac chiéu day ma tuong
tmg. Két qua gay giam do bén moi khi ma crom ctng 1a phi hop voi cac
nghién ctru [19, 20] khi danh gi4 trén mot chiéu day ma. Tuy nhién, nghién
clru cua tac gia Voorwald [27] lai cho thdy d6 bén méi giam khoang 35%
va khong c6 su khac biét 16n giira hai 16p ma créom c6 chiéu day 45 um va
120 um khi danh gia anh hudng ciia 16p crom dén do bén moi trén nén thép
¢6 d0 bén cao AISI 4340. Trong khi két qua nghién ciru cho thay d¢ bén
moi giam tir 2,03% dén 5,4% tmg vé6i chidu day tir 10 pm dén 90 pm trén
nén thép C45 (di dugc nhiét luyén). Didu nay ching to anh huéng caa 16p
ma crém dén d6 bén moi trén vat lidu nén khac nhau s& cho két qua khac
nhau

Dé danh gia qua trinh phat trién vét niit moi va cdu tric 16p ma crom,
méu duogc khao sat bang kinh hién vi dién tir quét (SEM). Trén Hinh 5.20
thé hién vét nit ban du ludn ton tai trong mang tinh thé 16p crom clng.
Hinh anh SEM ciing cho thiy d6 bam dinh cta 16p ma crom va 16p nén 1a
rat t6t (Hinh 5.21)

7mm x6.00I

a) Vet it té vi trong l6p crém b) Vet nu’t te vi trong 16p crom
Hinh 5.20. V&t nit t€ vi trong 16p ma crom
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Hard Chrome §

Hinh 5. 21 Anh chup SEM cua l6p ma crom

Khao sat bé mit giy do moi (Hinh 5.22) cho thiy cho thy cac vét
nit moi phét trién tir cac vét nit ban dau ton tai trong 16p phit crém. Dudi
tac dung cua tai trong c6 chu ky, cac vét nut trén bé mat 16p phii phat trién
theo huéng di vao tAm ctia chi tiét va lam pha hay mau. Khi mat do vét nit
té vi tang 1én, didu nay c6 nghia 13 sé lwong vét nit t& vi/dién tich 16p phu
ting dan dén lam suy yéu lién két trong 16p ma va vét nat moéi phat trién
cang sém. Két qua 1a d6 bé méi giam kh1 tang chiéu day cua lorp ma crom.

H1nh 5. 22 Su phit trién vét niit moi cua lop ma crom

5.3 Anh hwéng cia 16p phi carbide vonfram dén do bén moi
5.3.1 Két qua do thong sb 16p phi carbide vonfram
5.3.1.1 Céu triic té vi ciia I6p phii

Hinh 5.23 thé hién dudng nhidu xa cia 16p phi WC-10Co-4Cr, két
qué cho thiy pha WC chiém phan 16n va 1a pha chinh. Ngoai dinh nhiéu xa
thé hién pha WC, cac pha W,C ciing dugc phat hién trong 16p phil. Day 1a
két qua cta qua trinh khir cacbon & nhiét 6 cao trong qua trinh phu. Piéu
nay pht hop véi két luan cua nghién ciru [36]. Ngoai ra, pha lién két CoCr
cling dugc xac dinh thong qua phuong phap phén tich nay.

Trén Hinh 5.24, ta ¢6 thé thdy pha cimg WC lién két voi nhau thong
qua pha nén CoCr (duogc xac dinh qua phan tich bang nhidu xa tia X)
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Hinh 5.23. Puong nhifu xa  Hinh 5.24. Céu trac té vi cia 16p phu
cta 16p phu WC-10Co-4Cr
5.3.1.2 Chiéu day I6p phii.
Két qua do 1a gia tri trung binh sau 5 lan do
Bang 5.18. Bang gia tri trung binh chiéu diy ma phu

Mau | Phi HVOF (um)
1 31+5
2 63+7
3 92+10

5.3.1.3 Dy nham

Do nham va do cimg cua miu dugc do trén may SJ-301. Két qua do
dugc thé hién trén Bang 5.19

Bang 5.19. Két qua do d6 nham miu Ra(um)
Mau thi nghiém 1 2 3 Trung binh

D) nham 6,31 6,52 6,46 6,43+0,12

Sai s6 cua may do: £ 0,05 um
5.3.1.4 Dj cirng va dp bam dinh lép phi.

Bang 5.20. Két qua do do ctg 16p phu carbide vonfram (HV)

Mau thi Trung
nghiém ! 2 ; binh
DoHc\I/mg 1230 | 1056 | 1020 | 1102+128

Tuong ty nhu do d6 bam dinh cua 16p ma crom, phuong phap mii
dam Vicker theo tiéu chuan ISO 19207-2016 dugc sir dung. Két qua do
dugc thé hién trén Bang 5.21.

Gia tri diém t6i han (P.a.) xudt hién vét nit 1a giao diém giira
duong thang InP-Ind va InP-Ina duoc thé thién trén Hinh 5.25.

Tir gié tri do ta x4c dinh dugc giao diém ciia duong thang InP-In va
InP-Ina 1a (47,3738; 72,1279).

Do bén bam dinh cua 16p phi K¢, (MPa.mY?) duoc tinh qua cong thirc:
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%
Fe [Ej 0,005 4737387 16711-0,00831=8 31(MPam?)
a2 \H (72,1279

Trong d6: E.= 316 GPa [37], Hc= 1102 HV ~10,81 GPa
Es=200 GPa [105], Hs= 30,9 HRC ~3,047 GPa

51 -

Bang 5.21. Két qua do d6 bam
dinh « 49 - + Hardness line
Mirc luc LU.C Kich Kich E m Adhesion line
tac dung | tac thude thire =
(kgf) dung | vét1om | vétnut as | Yoo oSt
P (N) mii a (um)
damd a ? ,
(nm) a1 :
1 9,807 39,2 '
2 19,61 51,1 39 - X
3 29’42 5918 3,7 0,3844x+2,7954 :
5 49,03 74,7 7 ety :
10 98,07 151,2 !

2 2,5 3 3,5 4 45 5

Pe InP

Hinh 5.25. Giao diém (Pc,ac) giira
dudng thing InP-Ind va InP-Ina

5.3.2 Tinh toan tng suat dw cia I6p phii carbide

Trong vét liéu carbide vonfram WC-10Co—4Cr lu6n tdn tai nhiéu
pha. Tuy nhién pha WC 1 pha chinh va chiém ti 1& cao nhat (86%) nén ting
suét du trén vat liéu carbide vonfram chi tinh cho pha carbide nay. Vat li¢u
WC-10C0-4Cr c6 md dun dan hoi 1a: E= 316 GPa, va hé sb Possion v =
0,22 [37]. Qua két qua nhidu xa tia Xva d6 thi d-Siny, ta tinh dugc gia tri
ung suat du tuong tng cho 16p tiép giap nén/phu tng voi cac chiéu day
phu. Két qua thé hién tai Bang 5.24.

Bang 5.24. Bang téng hop do g sudt cic miu.

s7r | Chicu day 16p Ung sudt dubeé mit | Ung sudt du 16p
phi (um) 16p phu (MPa) tiep giap (MPa)
1 30 -158+ 22 -613+ 29
2 60 226+ 28 721+ 17
3 90 -341+ 24 754 £28
Nhin xét:

Trong 16p phu carbide vonfram luén ton tai tmg suit du nén. Nguyén nhan
la trong vat liéu bt WC-10Co-4Cr, cac hat WC la pha rat ctrng va khong bi
nong chay duoi nhiét do khi phun phi HVOF. Vi véy, sy va cham (dong
nang) cua cac hat cang nay voi nén theép va l6p phu trude do ¢ toc do cao
gdy ra bién dang déo va gy ra tmg suét nén, tc 1a dong ning cua cac hat
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WC géy ra (mg suit nén. Mot yéu t6 khic anh huong dén tmg suit du nén
cua 16p phu la do qua trinh ngudi sau phu, hé sé gidn no nhiét (thermal
expansion coefficient) cua 16p phu nh6 hon hé sO giin nd nhiét ciia vat lidu
nén s& tao ra (mg sut nén va nguoc lai. Trong nghién ctru nay, hé s6 dan
né nhiét cta thép AISI 1045 1a 11,52 x 10°K™ trong khi hé s dan né nhiét
ctia 16p phit WC-10Co-4Cr 1a 5,5 x 10°K™ [36]. Nhu véy, khi phu WC—
10Co—4Cr 1én nén thép AISI 1045 s& gy ra ung sut nén. Didu nay cling
pht hop voi két qua cong bd cua nghién ctru [37, 38] khi danh gia tmg sut
du cta 16p carbide vonfram trén nén thép cacbon tng véi mot chiéu day
phu.

Nén 40 Chiéu day l¢p pha(pm)

I T ]
[ 10 20 30 40 50 60 70 80 90

-500
4 30 microns

Ung suat du,(MPa)

700 - A 60 microns

90 microns

Hinh 5.31. Phan bd mg suét du theo chiéu day 16p phu carbide vonfram

Két qua tinh toan ciing cho théy gia tri img suét du nén tang theo
chiéu day 16p phu. Ket qué do {mg suét du cho thdy rang chiéu day 16p phu
30 pm ton tai mg suat du -158 MPa trong khi d6 1a -226 MPa dbi véi chiéu
day 60 um va -341 MPa dbi voi chiu day 90 pm. Trong quy trinh phu
HVOF, chiéu day 16p phu tang lén bang cach tang so lan phi (pass phu) vi
mdi lan phu khong thé diéu chinh luong bot phun qua 16n dé dat duoc
chiéu day mong mudn. Trong lun 4n nay, chiéu day phu 30 pm, 60 pm, 90
um tuong tng 1an luot 1a 2/4/6 pass phu. Diéu nay c6 nghia 1a khi chiéu
day tang 1€n thoi gian va cham cua hat WC voi 16p phu trude do cang 16n
dan dén bién dang déo cang 16n va ung suit nén cang cao. Hon nita, khi
tang chiéu day 16p phu tuong mg vai thoi gian phu cang tang, tic thoi gian
gia nhiét cang ting va chi tiét nén c6 nhiét do cang cao. Diéu nay ciing 1a
mot trong nhiimg nguyén nhan gdy tang ung suét du nen (theo cong thire
2.27). Anh ‘huong cua yéu t6 nhiét o nay dén tng suét du nén 1a phu hop
v6i cong bd [119].

Khao sat g sudt du tai 16p tiép glap l6p phu/nen cho thay, gia tri
mg suét du nén ton tai 16n trong 16p tiép giap d6i voi ca 3 chiéu day 16p
phi. Nguyén nhén 1a do trudc khi phu carbide, miu nén dugc phun hat
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AlL,O; dé tao nham bé mit nham tang cuong do bam dinh 16p phu. Cing
chinh diéu nay 1am cho bé mit nén bi bién dang déo 16n va tao ing suét du
nén. Gia tri tmg suat du nén ciing tang 1én theo chiéu day 16p phu tir 613
MPa dén 754 MPa tuong tmg véi chidu day 16p phu 12 30 um dén 90 pm.
Nguyén nhan 13 tai bé mit chi tiét nén, ngoai bién dang déo do phun hat
Al,05con do bién dang déo trong qué trinh _phun phu (dong nang hat WC)
va bién dang déo nay cang ting khi ting chiéu day 16p phu
5.3.3 Anh hwéng ciia 16p phii carbide vonfram dén dd bén méi

Phuong trinh duong cong moi duoc thanh 1ap cho chi tiét phu
carbide vonfram trén nén thép C45 mg voi cac chiéu day phu khac nhau
dua vao s liéu thuc nghiém va mo hinh toan véi su trg gitip ctia phan mém
Matlab:

+Phu WC-10C0-4Cr-30 pm: & =1191,72N ) ***

+ Phu WC-10Co0-4Cr-60 pm: o, :1379’2(2Nf y 007!
+ Phu WC-10Co0-4Cr-90 pm: o, = 1517’9(21\’,»)_0‘073

Bang 5.26. Thong s6 phuong trinh moi cho 16p phu carbide vonfram
X oo Ty 1é o’

Mau Phi (t/d) (MPa) b

WC-10C0-4Cr\30 um 0,004 11917 -0,062

WC-10Co0-4Cr \60 pm 0,008 1379,2 -0,071

WC-10C0-4Cr \90 pm 0,012 1517,9 -0,073

Dé xéac dinh sy phil hop ciia md hinh toan cta phwong trinh méi voi
cac két qua thuc nghiém, h¢ sb x4c dinh R? duogc trinh bay trong Bang 5.26
va déu co gia tri 16n hon 0,7 chimg to sy phit hop ciia mé hinh toan

Két qua d6 bén moi trong 16p phu carbide vonfram cho thiy, do bén
moéi ¢6 xu hudng ting theo chidu day 16p phu. Cu thé, tai ung sut 475
MPa, d6 bén méi cta 16p phi ¢6 chiéu day 30 um 1a 1.444.648 chu ky; doi
v6i 16p phit ¢6 chiéu day 60 pm 1a 1.949.652 chu ky; trong khi ddi véi
chiéu day 90 pum 1a khéng giy (run out-10" chu ky). So sanh vé giéi han
moi v6i chi tiét nén cho thiy giéi han moéi khi 4p dung 16p phu carbide
vonfram 1a cao hon chi tiét nén va tang theo chiéu day 16p phu. Gigi han
moi 16p 16p phi 30 um 1a 6.,= 450 MPa (ting 4,65% so voi nén); va ddi
giéi han méi 16p phi 60 pm 1a 6.,= 460 MPa (ting 6,97% so v6i nén);
trong khi d6i gidi han moi 16p phi 90 um 13 o. 1= 475 MPa (tang 10,46% so
vGi nén). Nguyén nhén 1a trong 16p phu ludén ton tai img suat du nén va
tang theo chiéu day 16p phu. Chinh diéu nay lam ting d6 bén méi cia chi
tiét. Két qua 16p phu carbide vonfram tao tng suit du nén va lam tang do
bén moi 1a phu hop véi nghién ctru [40, 45]. Tuy nhién, khi so sanh két qua
nghién ctru voi cac cong b nay ciing cho thay anh huong cia 16p phii dén
d6 bén moi trén vat lidu thép C45 (da duogc nhiét luyén) 1a khac vai cac vat
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liéu nén khac. Theo cong trinh [40], 46 bén moi ting téi 540%-4300% khi
phit 16p WC—10C0—4Cr trén hop kim nhom AA6063-T6 g v&i chiéu day
phi/duong kinh mau chi tiét 1 250 pm/12,5 mm. Trong khi pha 16p
carbide vonfram nay 1én vat li€u thép co do bén cao AISI 4340 lai giy ra
giam d6 bén moi tdi 21,4 % ng véi chidu day phi/dudng kinh mAu chi tiét
12 200 pm/6,35 mm [46]. Tuong tw, 16p phi nay ciing gy giam do bén moi
ti 28,9% trén nén thép 15-5PH (ASTM A 564) theo nghién ciru [48]. Bén
canh d6, mot s6 nghién ctru cling cho thay 16p phu c¢6 mé dun dan hoi cao
hon chi tiét nén s& lam tang do bén méi va nguoc lai [45]. O day, modun
dan hoi cua thép C45 va 16p pha WC—-10Co—4Cr lan luot 1a E = 200 GPa
va 316 GPa [37,116]. Mot yéu té khac anh huong dén do bén moi cua 16p
phu 13 tng suit du nén cua 16p nén trude khi phu. Lop nén duge phun hat
Al,O, tao d6 nham dé tang do bam dinh cua 16p phu. Tuy nhién, ciing
chinh yeu t6 nay lam cho 16p nén bi bién dang déo va sinh ra ung suat du
nén rat 16n. DPidu nay gbp phan lam ting do bén moi cua chi tiét phu.
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22260,5(2N 0105
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Hinh 5.32. Biéu d6 dudng cong moéi cho cic chiéu day phu Carbide Vonfram

Phan tich bing may kinh hién vi dién tir quét (SEM) cho thiy ca 16p
phii carbide vonfram ciing c6 do bam dinh rat tot va khong bi tach 16p khi
tac dung tai trong. P4 véi 16p phu carbide vonfram cho thay bé mit nén co
d6 nham cao khi ap dung phuong phap phun hat Al,O; tao nham trude khi
phu dé tdng d bam dinh (Hinh 5.34)

Bé mit gdy do pha huy moi cua mau phu dugc thé hién trén Hinh
5.36. Day la két qua ctia vét nirt moi phat trién khi dat Gmg suét tai phan
giam tiét dién trén miu (07.5). Khi 4p tai trong thay dbi theo chu ky vét
nat xuat phat tir bén ngoai bé mit 16p pha hodc tir 16 xdp (néu co) s& phat
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trién vao trong vat liéu nén (Hinh 5.35). Diéu nay 1a phu hop voi phén tich
ctia cac nghién ctru [18, 41]. Bén canh d6, nhu di phan tich & muc ciu trac
té vi ctia 10p phu cho thiy pha cimg WC chiém da sé va duoc lién két boi
pha CoCr. Tur Hinh 5.35 cho thdy vét nirt lan truyén xuyén qua cac hat WC
va toc d6 lan truyén vét nit tang I1én khi gap cac 16 x0p trong 16p phu. Két
qua ndy 1a phu hop véi cong bd [120]. Tuy nhién, trong 16p phu ton tai ing
suat nén nén s& lam cham sy phat trién vét nit nay.

Khi khao sat ing sut du mau phu cho thay 16p nén c6 ung suét du
nén rat 16n. Vi vay, vét niit trén bé mat 16p phu khong thé phat trién di sau
vao bén trong chi tiét nén. N6 co vai trd nhu mot 16p can trg sy phét trién
ctia vét nut tor bén ngoai. Khi tai tac dung du 16n, cac vét nit moi tiép tuc
phat trién theo ranh gidi tiép giap gilta 16p phu va bé mit nén va hién tuong
tach 16p lai xay ra. Qua trinh phat trién vét nit nay sé dung lai tai noi bé
mat nén co do nhap nh6 16n (do qua trinh tao nham) va la vi tri tép trung
{mg suét 16n nhat. Cudi cing, vét nut phat trién siu vao bén trong chi tiét
gy pha hily moi.

Khi ting chidu day l6p phu, cho thay ung suat du nén tang. Chinh
didu nay s& ngan can sy xuét hién va phat trién cta vét nit ban dau trong
16p phu. Két qua 1a 6 bén moi tang khi ting chidu day 16p phu.

Hlnh 5 34 Anh Chup SEM cua 10‘p H1nh 5 35 Anh chup SEM cuavet
phu WC-10Co-4Cr khi chua chiu tai  nit trong 16p phu WC-10Co-4Cr
sau khi chiu tai

Hinh 5.36. Sy phat trién vét nirt méi cta 16p phit WC-10Co-4Cr
5.4 Panh gia anh hwéng cia 16p ma crém va l6p phi carbide vonfram
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dén do bén méi va kha niang irng dung
5.4.1 So sanh anh hwéng cia l6p ma crom va lop phu carbide vonfram
dén do bén moi
Danh gia do bén moi cua cia ma crdm cung va phu carbide vonfram
cho chiéu day 30 um, 60 pm, 90 um dugc thé hién trén Hinh 5.37.
= + Nen\Thép C45
750 S i WC-10C0-4Cr\30 microns
'WC-10Co-4Cr\60 microns

'WC-10Co-4Cr\90 microns

= Ma Crom\30 microns

700
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Hinh 5.37. Biéu d6 dudng cong moi cho phuong phap ma crom va phia HVOF

Nhin vao d6 thi duong cong moéi cho hai phwong phéap phii trén Hinh
5.37 cho thiy do bén moi ctia 16p phu carbide vonfram luén cao hon so véi
ma crom khi xét trén cing mot chidu day. Miac du d6 nham bé mat caa 16p
phu carbide vonfram luén 16n hon ma crom. Piéu nay 1a phu hop véi
nghién ctru [47] khi déanh gid anh hudng cua hai phuong phap phu nay dén
d6 bén moi trén nén thép khong gi 316 tng voi chiéu day phu la 100 pm.
Trong khi nghién ctru [46] cho thiy ca hai phwong phap déu giy giam do
bén moi khi phu trén nén thép c6 do bén cao AISI 4340 nhung d6 bén moi
ctia 16p phit WC-Co-Cr giam thap hon ma crom.

M Substrate M WC-10Co-4Cr coating M Chrome Plating

t, MPa

z

A

a
N
&
s

Ung su

200
30um 60um 90 um

Hinh 5.38. Gi6i han méi ctia ma crom va phu Carbide Vonfram

Khi so sanh vé anh hudng cua chiéu day 16p pha d6i v6i 6 bén moi,
ta thay luon c6 hai xu hudng trai nguge nhau. o bén moi co xu hudng
tang theo chidu day 16p phu carbide va nguoc lai véi 16p ma crém cing.
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Day 1a két qua trong 16p ma crom ludn ton tai vét nit té vi gy giam do bén
moi trong khi 16p carbide ludn ton tai tng suat du nén lam ting d6 bén moi.
Trén Hinh 5.38 cho thiy gidi han moéi ciia 16p ma crém ung véi
chiéu day 30 um 1a 6., = 400 MPa, trong khi gii han moi ciia 16p phu 1 64
= 450 MPa (ting 12,5 % so voi ma crom). Pbi v6i chiéu day 60 pm gidi
han moi cua 16p ma crém tng 6.4 = 390 MPa, trong khi gidi han moi cua
16p phu 1a 6., = 460 MPa (tang 17,9% so véi ma crom). Ty I¢ nay tang lén
khi tang chiéu day 16p phu 1én 90 um gidi han méi cua 16p ma crém tng o-
1 = 370 MPa, trong khi gidi han mdi cta 16p phu la 6., = 475 MPa (tang
28,3% so voi ma crom).
5.4.2 Kha ning trng dung ctia 16p ma crém va 16p phi carbide vonfram

Tir két qua nghién ctru cho thiy d6 bén moi cua 16p phu carbide luén
cao hon 16p ma crom. Trong giGi han ciia dé tai khao sat chidu day ma phu
tir 10 - 90 um trén duong kinh chi mau (7.5), chiéu day 16p ma crom cang
tang d6 bén moi con giam va cang ting khi 10p carbide vonfram cang day.
Tuy nhién, d6 bén moi chi 1a mot chi tidu vé do bén cia chi tiét may. Tuy
thudc vao mire chiu tai va diéu kién 1am viéc cua chi tiét thuc té ma c6 thé
Iira chon phwong phap va chiéu day ma phu mot cach hop 1y. Bén canh
nhuoc diém 1a lam giam d6 bén moéi va gay 6 nhiém méi truong, 16p ma
crdm cling co nhiéu wu diém nhu: hé s6 ma sat thép, d6 ctung kha cao, do
bam dinh twong dbi tét....va dic biét 1a gia thanh ma ré, trong khi 16p phu
carbide vonfram c6 d6 ctiing cao hon, do chéng mai mon va bam dinh tdt
hon nhung gi4 thanh qua cao day 1a nhuoc diém chinh ciia phuong phap
nay.

Khi xem xét vé do bén moi, tir két qua nghién ctru cho thay 16p pha
carbide vonfram c6 thé hoan toan thay thé cho 16p ma crom. Tuy nhién, két
qua luan 4n ciing cho thiy tiy diéu kién lam viéc cu thé ma c6 thé s dung
phwong phap ma phu Gmg voi chiéu day tuong tmg mot cach hop 1y. Dbi
v6i nhig chi tiét chiu tai thap hon gidi han moi (tai 10" chu ky) twong timg
ctia 16p ma crém tng v6i chidu day 10/30/60/90 pm la 420/400/390/370
MPa thi phuong phap ma crom dugc xem la phuong phap dap Umg ca vé
chi tiéu d6 bén moi va kinh té. Pbi voi nhitng chi tiét chiu tai cao hon ta
nén xem xét sir dung 16p phu carbide vonfram c6 giéi han d6 bén moi 1a
450/460/475 MPa tuong tng voi chidu day cu thé 30 um/60 pm/90 pm.
Ciing can nhan manh rang, két qua nghién ctru trén chi ap dung véi thép
C45 (da qua nhiét luyén theo chi tiét truc) vi anh hudng ctia 16p ma phti nay
dén d6 bén moi la khac nhau déi voi vat liéu nén khac nhau.
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KET LUAN - KIEN NGHI
1. Két luan

Dé tai “Nghién citu anh hieong cia 1op phit bé mat dén dg bén moi
ciia chi tiét mdy dang truc” da dugc trién khai thyuc hién trong thoi gian
2014 dén 2020. Bé danh gia do bén moi cua chi tiét truc ché tao tur thép
C45 duoc phi bé mit bang crom va carbide vonfram. Cac ndi dung nghién
cuu chinh da thuc hién va hoan thanh nhu sau:

- Nghién ctru tng quan vé cong nghé, ki thuat ché tao chi tiét may
dang truc c6 ma phu;

- Nghién ctru dé xuét chi tiét mau phuc vu cho thi nghiém méi dua
theo tiéu chuan ISO 1143:2010 di dwoc nghién ctru dé xuat. Cac chi tiét
mau d3 duge ché tao, xu 1y tho, lam déu hat, xu ly bé mit va tién hanh ma
crom cung, phii carbide vonfram véi nhiéu chiéu day khac nhau dé trién
khai thyc hién thi nghiém moi dé c6 duoc dir lidu giup phan tich, danh gia
do bén moi.

- Ung dung cdc ky thudt ma phu crém cimg, kim tuong bé mat dé
danh gia chat luong bé mat 16p ma crém; do nhiéu xa tia X dé tinh toan ung
suat du cho 16p ma crém va chi tiét nén ciing nhu tién hanh thi nghiém moi
dé co duoc s6 liéu phuc vu nghién ciru phan tich va danh gia anh hudng cua
chiéu day 16p ma créom dén do bén mai cua chi tiét may dang truc duogc ché
tao tur thép C45.

- Nghién ciru, danh gia anh hudng cua cac chleu day 16p phu carbide
vonfram (WC-10Co-4Cr) dén do bén moi cua chi tiét may dang truc. Trién
khai thi nghiém moi dé 13y so liéu, danh gid bé mit gdy moi cta 16p phu
carbide vonfram bang kinh hién vi dién tir quét va so sanh két qua do bén
moi v61 phuong an ma phu crém.

Két ‘qua nghién ctru va thue nghiém da chi ra:

- Dbi véi 16p ma créom, ing suét kéo giam dan va mat do vét nurt té
vi tang dan khi tang chiéu ~day l6p ma. Nguoc lai, trong 16p phu carbide
vonfram ludn ton tai Gng suit du nén va tang theo chiéu day 16p phu.

- D0 bén méi cua chi tiét duoc ma crom cang giam khi 16p ma cang
day tuong tmg vo1 16p ma day 10, 30, 60 va 90 pum la 2,3%; 6,97% ; 9,3% va
11,62% so v&i chi tiét nén.

- DO bén méi cua chi tiét duge phi carbide vonfram cang ting khi
tang chiéu day 16p phu twong tmg véi 16p phit day 30, 60 va 90 um 1a 4,65%;
6,97% va 10,46% so voi chi tiét nén.

- Thiét 1ap dwoc phuong trinh méi cho cac chiéu diy ma phii khac
nhau g véi hai phuong phap phu.

- Lép phu carbide vonfram c¢6 do bén moéi cao hon han 16p ma crom
ctng va 13 mot phuong 4n c6 thé thay thé tdt cho ma crom véi gid tri do bén
moi ting twong Ung véi chidu day 30, 60 va 90 um 1a 12,5%; 17,9% va
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28,3%. Ngoai ra ty 1& chiéu day/dudng kinh chi tiét phu (t/d) cling dugc tinh
dén trong luan an dé 1am co s6 lua chon chiéu day/duong kinh truc dugc ap
dung ngoai thuc tién dé dat duge d6 bén moi tét nhat ma van dam bao bai
toan kinh té.

2. Kién nghi

Nhimng két qua nghién ciru ma d¢ tai dat dugc c6 thé dugc xem nhu
mot s dong gop trong linh vyc phun phi bé mat. Bé hudng nghién ciru
duoc hoan thién va dua vao ing dung rong rdi trong thuc tién, mot s6 kién
nghi vé hudng phat trién cta nghién ciru duoc dé xuat nhu sau:

- P& tai nay chi xét sy anh huong cua 16p ma crém va 16p phu
carbide vonfram & chiéu day micro. Vi vay dé khao sat toan dién hon can
danh gia & muc chiéu day 16p phit mong hon ¢ dang nano.

- Nghién ctru chi thyc hién trén nén thép C45, vi vy co thé mo rong
nghién ctru voi nhitng vat liéu khac tao bo dir liéu dua Kkét qua nghién ctu
ap dung vao san xuat.
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Chapter 1. INTRODUCTION
1.1 Fatigue.
1.2 Electroplating
1.3 High Velocity Oxygen-Fuel (HVOF)
1.4 Status of research on fatigue in Vietham
1.5 Previous researches
1.5.1 Overseas research situation

Many studies show that hard chromium plating is widely used to
increase hardness, resistance to abrasion, corrosion and low friction
coefficient and it was applied in the aerospace, automotive and
petrochemicals fields. The properties of chrome plating such as adhesion,
micro hardness ... are well appreciated. In addition, some studies also show
tensile residual stress and microcracking of hard chromium to reduce
fatigue strength. Most of the studies were performed on bigh-strength
steel such as AISI 4340, AISI 4340, AISI 4340, Al 2024-T4, 12CrMoV, ...

Recently, High Velocity Oxygen-Fuel (HVOF) technology has been
studied. This method can be coat with a variety of materials. However,
tungsten carbide, the material with the main composition is the WC phase
and the cobalt binder phase, which has received the most attention. With
the good properties, it is widely applied in the process of covering details in
the aviation, mining, oil and gas industries .... especially, it can replace hard
chromium plating. Several initial studies have evaluated tungsten carbide
coatings layer. Effect of coatings layer on fatigue strength is also studied.
But the results increase or decrease when coated on different materials,
This shows that the coating process is extremely complex.

In addition, many studies also show that the effect of coating on the
substrate materials which was applied the heat treatment process or not will
give different results.

1.5.2 Researches in our country

Currently, surface treatment technology is being interested and
developed in our country, especially electroplating. This is a technology
that will be focus on research in the near future with the advantage such as
improving surface quality, increasing wear and corrosion resistance,
increasing surface hardness..... Many studies works on composite plating
for improving the frictional performance of copper and nickel plating. In
addition, thermal spray coating technology has also been initially studied,
but only stopped studying properties such as hardness, adhesion, and
abrasion in 67Ni18Cr5Si4B alloy, Cr3C2 - NiCr alloy to restore details.

1.6  Scientific problem still exists

The analysis of the research shows that the studies focuses on

improving the surface layer quality by coating a layer which have heat- and
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wear-resistant material to adapt to working conditions. Besides, the coating
parameters such as adhesion, residual stress, ... especially the fatigue
strength of the coating are focused on research. Evaluation of the fatigue
strength of the coating using the HVOF technology and hard chrome
plating method has been studied but only focused on high strength steel
such as stainless steel. In addition, studies were only performed on a
specific coating thickness. Therefore, the published research have not
shown the change of the coating properties and fatigue strength when the
coating thickness varies. In addition, the effect on fatigue strength of
applying heat treatment to the substrate material of the part has not been
studied.

The survey also show that there has not been any research on the
properties of WC-10Co-4Cr (HVOF), chromium plating with different
thicknesses affect fatigue strength on C45 steel which has been heat treated.
Therefore, conducting research and evaluation of fatigue strength of WC-
10Co-4Cr tungsten carbide coating, chromium plating on C45 steel which
has been heat-treated is very necessary in mechanical engineering, restoring
shaft details.

1.7 Scientific significance and Practical value
1.7.1 Scientific significance

- Deriving the fatigue equation according to the Basquin model based
on the thickness of the chromium plating layer and the tungsten carbide
coating to help predict the fatigue strength

- Proposing a way to calculate the residual stress and micro-cracks
density and determine the relationship between residual stress and fatigue
strength as well as micro-cracks density in the plating layer.

- It has been determined that the crack density increases and the
residual tensile stress to decrease when increasing the chromium plating
layer thickness on the C45 steel. This reason make to a decrease in fatigue
strength. When increasing the tungsten carbide coating thickness, the
compressive residual stress will increase so the fatigue strength tends to
increase.

1.7.2 Practical value

-This research contributes to the development of HVOF coating
technology, contributing to the application of this high-quality technology
in surface coating as well as machine part restoration in Vietnam.

The research results of the thesis indicate the ability and scope of
application of hard chrome plating, HVOF spray coating with tungsten
carbide (WC-10Co0-4Cr) on C45 steel in new detail manufacturing
technology, machine part recovery with coating thicknesses of 10, 30, 60
and 90 microns.



1.8 Research objectives

- Analyzing the influence of the plating parameters (thickness,
residual stress, density of micro-cracks) of the chromium plating layer on
the fatigue strength of the shaft machine part.

- Analyzing the influence of coating parameters (thickness, residual
stress) of tungsten carbide coating on fatigue strength of axial machine
parts.

- Comparing and evaluating the fatigue strength of the two methods
on different coating thicknesses.

- Determining the appropriate thickness of the coating to improve the
fatigue strength of the machine part
1.9 Scope of work

- Substrate: C45 steel.

- Coating materials: hard chrome and carbide vonfram (WC-10Co-
4Cr).

- Coating thickness: 10 pm to 90 um.

- The chrome plating process using standard industrial processes is
currently being widely used in coating factories in Vietham. The HVOF
coating process using the parameters of the coating process has been
optimized for hardness, porosity and adhesion and will not be studied in
this study.

1.10 Research orientation

In this study, the following topics are focused on:

- Building a rotary bending fatigue model for coated shaft.

- Studying the texture remove process and small grain process to get
isotropy in shaft using C45 steel

- Determining the heat treatment process for the shaft using C45 steel

- Studying the hard chrome plating and coating tungsten carbide
process on shaft according to industry standard process and based on
optimized coating parameters on hardness, adhesion and porosity.

- Measuring and evaluating the change of residual stress and
microcrack density with different coating thicknesses.

- Evaluating and comparing the effect of hard chrome plating and
tungsten carbide coating thickness on fatigue strength of C45 shaft.

1.11  Structure of dissertation

The dissertation has been organized into six chapters. A brief
description of the content of these chapters is given in the following
paragraphs:

- Chapter 1: Introduction

- Chapter 2: Survey of Literature

- Chapter 3: Experimental Procedures
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- Chuong 4: Theoretical Results
- Chuong 5: Experimental Results and Discussion
- Chuong 6: Conclusion and Future Scope

Chapter 2. SURVEY OF LITERATURE

2.1 Fatigue

Fatigue is the gradual accumulation of failure in the material under
the influence of cyclic stresses. This changing stress causes fatigue cracks
to appear which then grow and lead to material failure (fatigue failure).
2.1.1 S-N curve
On the basis of fatigue test results, a fatigue curve is established to
represent the relationship between the stress ¢ (maximum stress) and the
number of stress change cycles N that the machine part (or test specimen)
has. withstand until broken

Figure 2.1. Wohler curve [1]

The number of cycles N is called the fatigue life with stress level o.
The fatigue curve has shown in Figure 2.1.

Through the fatigue curve graph we can see:

- The higher the stress, the shorter the fatigue life

- If stress is reduced to a certain limit o, for some types materials, the
fatigue life N can be increased without the part being destroyed. The value
o, is called the fatigue strength of the material.

The fatigue curve equation can be written:

oc".N=C (2.5)

Where C, m is a constant and m (exponent) is called the degree of the
fatigue curve. Equation (2.5) represents the relationship between stress o
and fatigue life N. From equation (2.5) we can determine the fatigue life Ny
of the material subjected to variable stress ok ( 6, < ok < oy ). The stress o, IS
called the short-term fatigue limit corresponding to the life Ny of the



material. In the logarithmic coordinate system lgo-IgN, equation (2.5) is
represented by a straight line:
mlgo +1gN =1gC (2.6)

Fatigue curve graph in semi-coordinate system has its own branch as
a straight line with the equation:

N*.10° =B 2.7)

Where k and B are constants.

The curve of equation (2.5) will have an asymptote to the horizontal
axis N. This is not true for cast iron or steel materials because their fatigue
curves will have an asymptote parallel to the horizontal axis and one
distance from the horizontal axis. approximately equal to the long-term
fatigue limit value of the material. So, on the basis of the mathematical
statistical analysis of the experimental data, Weibull expresses the fatigue
curve by the equation:

N-—2B (2.8)
(c-0,)"

From equation (2.8) when ¢ — o, then N — <o, that is the horizontal
fatigue line is a distance o, from the horizontal axis and it is called the
asymptote of the fatigue curve.

2.2 Adhesion and assessment methods
2.3 Fatigue and assessment methods

The fatigue testing process for metallic materials can be based on
international standards such as JSME S002, ASTM E739 and ISO 1143-
2010. In which, 1SO 1143-2010 is used the most and is compatible with
Vietnamese standards (TCVN).

ISO 1143-2010 shows specific methods of fatigue assessment
according to rotary bending fatige such as 1-point bending method, 2-point
bending method and 4-point bending method.

All three methods can be applied to two types of samples (Figure
2.11): cylindrical (a, b, ¢) and houglass (d, €, f).

Figure 2.11. Specimen fatigue according to 1ISO 1143-2010



The cylindrical specimen (Figure 2.11c) used for the 4-point bending

fatigue test method was selected for this study. This type of specimen is

convenient for coating thickness measurement and X-ray diffraction

2.4 Plating principle and properties of chromium coating

2.5 High Velocity Oxygen-Fuel (HVOF)

2.6 X-ray diffraction and residual stress measurement applications

2.6.1 X-ray diffraction

2.6.2 Bragg's law and diffraction conditions [76]

When X-rays are irradiated with a wavelength (10 — 10°A), the diffraction

rays with different intensity and directions will appear. The diffraction

directions depend on the wavelength of the incident radiation and the

properties of the crystal sample. Bragg's law establishes the relationship

between the X-ray wavelength and the distance between the atomic planes:

ni = 2dhk|sin9 (228)

where n =1, 2, 3... is called the order of reflection.

2.6.3 Factors affecting the diffraction intensity (LPA)

2.6.4 X-ray penetration depth

2.6.5 Principle of stress measurement using X-ray diffraction
According to Hooke's law, isotropic elastic strain through

transformation can be determined through the following:

g;,w =l = lJrT‘/(o-11 cos’ p+0,,8in2¢+0,, sin’ g— o, )sin’ y
+1+TVO'33 —%(0” +0,, +0;;) (2-48)
+1+Tv(o_13 COS@ + 0, sing)sin 2y
We can write (2.48) as::
E4y :de_dO =1+—Va¢ sin2t,//—%(0']I +0,,) (2.49)

0
Where: c,=0, cos’ @+ 0,,sin2p+0,, sin® @
From equation (2.49), the atomic distance d,,, is calculated by the

formula:
(27

d :doh?va(psinzl//—doé(dll+0'22)+d0 (2.50)

This is the equation representing the relationship d,,- sin®y with
slope m:

m-d, "o, (251)



Sin’y
Figure 2.22. d-Sin*y diagram

From equation (2.51), the residual stress can be determined through
the slope m as:
m E, (2.52)
dy, 1+v

Where d, is the crystal surface distance in the unstressed state
calculated on the graph d-Sin’y:

Sinzl//* :L (2.53)

O'(p:

Chapter 3. EXPERIMENTAL PROCEDURES

3.1 Material selection

- Substrate: C45 steel.

- Coating materials: hard chrome and carbide vonfram
3.2 Experimental equipment

Some equipment used to evaluate the properties of the coating:
coating thickness, residual stress, fatigue fracture survey of the part are
introduced in Figure 3.1.

e N

MiniTest 6008

a) Thermal Electric Furnace b) Coating thickness equipment
(MiNiTest 600B-Elektrophysik)



c) X-ray diffraction equipment d) Scanning Electron Microscope
( X'Pert Pro) (SEM-S4800)
Figure 3.1. Some of the main equipment used in the study
To carry out the experimental fatigue, MU-2016 multi-purpose
bending fatigue testing equipment at REME Lab (Ho Chi Minh City
University of Technology and Education) was used.

——

Motor i
o /— lexible coupling| /_?/—
=5 . - 3
. >l

{ b
L
Monitor display

Figure 3.16. Fatigue testing equipment MU-2016
3.3 Preparation of fatigue and tensile test specimens

3.3.1 Fatigue test specimens
According to the 1ISO 1143:2010 and the actual conditions of the

fatigue testing machine, the specimen for fatigue testing made from C45
steel is shown in Figure 3.19.

160+0.1

60+0.1 40+0.05 60£0.1

§12:402
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\ 19
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Figure 3.19. Specimen for fatigue testing
When conducting the test to determine the fatigue strength, it is
necessary to predict the initial stress level so that the fatigue stress levels
can be distributed on the fatigue testing machine. According to the ISO




6892-1(2009) standard, tensile testing specimen made from C45 steel is
shown in Figure 3.20

£30:01

63,701

F‘ 2140

193

Figure 3.20. Tensile testing specimen
3.3.2 The process of manufacturing fatigue test specimens

According to 1ISO 1143:2010, the standard for four-point rotational
fatigue testing, in order to obtain test results with high reliability the
specimen must be isotropic. This means that the sample must be heat
treated (texture remove and grain size reduction ) before manufacturing. A
specimen manufacturing process for experiment is shown in Figure 3.21

Hardness test

Workpiece

'

Texture remove

'

Lathe

'

Y

Heat treatment

'

Polishing

A

Roughness test

'

Tensile test

|

'

Hard chrome
plating

'

Grit blasting

'

HVOF coating

'

Figure 3.21. Specimen manufacturing process



3.4 Experiment design
3.4.1 Select the number of experiments
In order to build a fatigue equation curve for different thicknesses, it is
necessary to study the influence of the input parameter which is the stress,
o,, and the output parameter which is the number of cycles N¢ respectively.
According to the experimental planning method, we have the number of
experiments [79].
N=2%+2.k + n, (3.1)
Where: k is the number of influencing factors; no number of experiments in
the center of the solution
Thus, with only one influencing factor, which is stress (k=1) and choosing
the number of experiments centered on the option n,=1, we have the
number of experiments as:
N=2'+21+1=5

To provide data with high reliability and statistical significance, the number
of repetitions of each experiment was 3 times [79-81]
3.4.2 Fatigue testing process

In order to establish fatigue equations for samples with high
reliability experimental data, it means that fatigue tests must be performed
at least 5 stress levels and 3 times repetitions for each stress level [80, 81].
Based on the standard fatigue curve of C45 material and the yield strength
o. obtained from the experiment, we can propose a base stress level to
conduct fatigue testing.

oo * 1

Gy ©f

Figure 3.23. Steps to choose test stress [81]
The base stress level is preliminarily selected based on the 3 values (66%,
59%, 56%)c, [46]. Preliminary values o't and b on the mathematical model
of the fatigue curve are calculated through experimental data. From the
preliminary o' and b values, fatigue curve is established for the selection of
subsequent stress levels for the remaining two stress points. To determine
the fatigue limit, from the stress value corresponding to 10’ cycles
determined through the preliminary fatigue curve, we conduct a fatigue test
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to determine the corresponding number of experimental cycles. After
determining this stress - cycle value pair, we add or subtract a amount Ao,
until the number of cycles is 107 (fatigue limit) corresponding to the stress
level cay. The experimental layout is shown in Figure 3.23.
3.5 Coating thickness

The coating thickness is a very important parameter for the part to
be coated. It greatly affects the mechanical properties of the specimen after
coating. The choice of coating thickness depends on the working
requirements and the dimension of each specific shaft. In this thesis, the
fatigue test specimen is designed according to ISO 1143:2010 with the
diameter of the coated specimen is @7.5 mm, so the thickness of the
chrome coating cannot be too large. In practice, the dimension of the shaft
is much larger so the coating will have a larger range of variation (thicker).
Therefore, it is necessary to determine the coating thickness on the
specimen appropriately. Through the process of surveying and analyzing
research documents on the influence of the surface strength layer on the
fatigue strength of machine parts, especially the research works of Sirina
and Genel [83, 84]. They have used the ratio of coating thickness/shaft
diameter (t/d) to study and evaluate the influence of chromium plating and
HVOF coating thicknesses.
From the actual survey results, the studies on the coating thickness [20-22,
64, 78, 85-91], it is proposed that samples with the diameter area @7.5 mm
are coated with minimum thickness for study is 10 um and the maximum
thickness is 90 um. To construct the fatigue curve for each thickness, we
need to perform the experiment at 5 different force points level and repeat 3
times for each force point [80,81]. So, the number of samples are:

+ 15 plating samples with the smallest thickness, 10 um thick;

+ 15 plating samples with normal thickness, 30 pm thick;

+ 15 plating samples with normal thickness, 60 um thick;

+ 15 plating samples with maximum thickness, thickness of 90 um.
In HVOF coating technology, it is not possible to apply a layer thickness
that is too thin because of technical factors such as grit blasted with Al,O;
particles to create roughness before coating. The coating process cannot
adjust the amount of powder too small in one coating. Therefore, the
HVOF coating method, We coated 3 thicknesses of 30 um, 60 pm, 90 um
with the number of samples as follows:

+15 samples covered 30 (um) thickness: minimum thickness

+15 samples covered 60 (um ) thickness: normal thickness

+15 samples covered 90 (um) thickness: maximum thickness
3.6 Chrome plated and tungsten carbide coated process
3.6.1. Chrome plated process

11



Chrome plating is performed according to the standard procedure and
using the plating solution shown in Table 3.6 with the plating parameters
applied in the industry.

Table 3.6. Solution [64]

. content
Solution (o)
CrO, 250
H,SO, 2.0
cr* 3-6
Temperature, °C 55
i, (A/dm?) 30
(%) 1
CrO4/H,SO, ratio 100/1
S4/S; ratio 1/1- 2 1
Plating speed,
um/min 0.15-0.60

{

e ———

Figure 3.26. Hard chrome specimen

3.6.2 Tungsten carbide coated process

Before conducting spraying, the sample was roughened by grit
blasting Al,O; with the parameters as shown in Table 3.7. After the blasting
process to create surface roughness, the specimen are coated on the Jet-
Kote coating system according to the parameters as shown in Table 3.8.
The parameters of the coating process are selected based on the
optimization of hardness, porosity and adhesion of the coating through the
doctoral thesis of author Nguyen Thanh Phu [60].

Table 3.7. Conditions for grit

Table 3.8. Conditions for HVOF
spraying

blasting Oxygen regulator 150 psi
Pressure 4 bar Oxygen flowmeter 200 I/min
Distance 150 mm Gas (LPG) regulator 50 psi
Angle 60~90° LPG flowmeter 40 l/min
Agent AlI203 0,443mm ~ Air pressure for powder 80~100
0,686mm feeder psi
Surface Ra=4,3 um Carrier gas flowmeter 10 I/min
rougheness Standoff distance 250 mm
Rotaty speed 240 rpm
Angle of impingement 80~90°
Traverse speed 600
mm/min

12



a) HVOF process b) Specimen cover
Figure 3.28. HVOF Coating

Figure 3.29. HVOF Specimen

Chapter 4. THEORETICAL RESULTS
4.1 Fatigue model

4.1.1 Diagram of fatigue test model

The schematic diagram of 4-point rotational bending fatigue is shown in
Figure 4.1

Flexible coupling Main Bearing /Load Bearing \ Main Bearing
Motor | I
Wi W
2 2
wi2 w wi2
wi2 wi2

Figure 4.1. Schematic diagram of 4-point rotational bending fatigue
The motor transmits rotation to the active shaft assembly and the passive
shaft through a flexible coupling and specimen. The force acting on both
ends of the specimen in the vertical direction. The applied force value will
be measured by the load cell. The number of fatigue fracture cycles is
measured by a rotary encoder. The parameters of applied force and number
of cycles will be displayed on the monitor.
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Fatigue curve (SN) is establish on the stress value o, and number of
failure cycles N. However, when performing fatigue test, the load acting on
the specimen is force P (Figure 4.2), so the stress value is calculated
through this applied force.

Based on the load acting on the specimen, we have the following force
diagram:
O min=-0,

|

Pl pwus [P
v :
I

I

|

T

|

I

W
M,=Pl

Figure 4.2. Applied force diagram
- The bending moment of the specimen is calculated :

My=P.I (Nmm) (4.1)
- Bending stress acting on the specimen:
o =My _PI_32P1 ) 4.2)

‘ W W, 7d?®

Where: + P (N) is the applied force
+ 1 (mm) is the distance from the place where the force is applied to
the center of the shaking assembly
+ Wu (mm°) is the bending moment
+ d (mm) is the diameter of the specimen
4.1.2 Fatigue model for axial part
Determining a mathematical model of the fatigue curve is to establish the
fatigue curve equation with the stress o, and the number of cycles N¢. When
evaluating fatigue strength with the criterion of stress-strain, there are three
most widely used models: Stussi, Weibull and Basquin models.
4.1.2.1 Stussi model
Fatigue curve according to Stussi model is determined by stress and fatigue
life N [1]:
o; +CNP .o, (4.3)
1+CN°
Where : og: Stress; oF: Fatigue Limit
oT: tensile strength ;C,p: fatigue resistance constant
To determine the C and p constant, we use the Trail-and-Error method to
find the oF.
4.1.2.2 Weibull model

O =
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The mathematical model of the Weibull fatigue curve equation[1] is
processed in the Ige-IgN coordinate system:
lgN =Igk —mlg(o: — o) (4.4)
Where: N: number of cycles; og: Stress
of: Fatigue limit; k,m: material constant

The of value is also determined by the trial-and-error method. This
model is often used when evaluating the fatigue failure probability of
specimen.
4.1.2.3 Basquin model
To establish fatigue curves with stress and fatigue life N, Basquin proposed
a mathematical model [92]

o, =0,(2N,)" (4.5)
Where: o,: stress amplitude; o'; : fatigue strength coefficient

2Nf : number of failure cycles; b: Basquin exponent

This mathematical model with the exponential equation is evaluated to be
compatible with the Wohler equation and is widely used in current fatigue
research [93 - 97], especially in evaluating the effect of surface treatment
[98] as well as surface coating to the fatigue strength of the substrate [99 -
101].
Through the process of reference and analysis of studies on the influence of
surface coating on the fatigue strength of parts, it has been shown that the
Basquin model (4.5) is suitable to evaluate the influence of chromium
plating and HVOF coating. However, this is a general model used in the
study of fatigue strength. In order to be able to apply it to the research in
the rotary bending fatigue, it is necessary to establish a mathematical model
with the coefficients o’ (fatigue coefficient) and b (exponential factor)
respectively based on on this model.

From the 4-point rotary bending fatigue test model for the axial
part, o, (stress amplitude) is the bending stress o, which was calculated on
the formula 4.2 and 2Nf is the number of cycles from the experience. The
coefficients o't and b are determined by these parameters.

The pairs of values (oy;, 2Ny), (6y, 2Ny) ... (oun, 2Np) which were
obtained from the experiment are only approximate values. They are not

completely true solutions of the equation o, = a}.(ZNf ) . So the deviation
from the standard equation is:
o, —O'J", (2Nﬂ)b =,

o, —a}. (2Nf2 Y = v,
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Oy =0; AN )" =,

' b _
C,,~0; (2an) =v,

Where v; are the errors.
Here, the least squares method is used. The total difference S is defined as:

§=Yv?=(c, 2N, -05,) —>min (4.6)
j=I1

un

So ¢’; and b are solutions of the system of equations:

oS < /
a_' = Z(szn )b (O-f (2th )b - O-un) = 0
o -

oA

“4.7)
8S < ' b-1 ’ b
== Y o} b.2N,) (o, 2N, )’ -0,)=0
j=1

Solving the above equations, we have:

> (no,)- bZ(lnsz)
o —d7 j=1

;= - (48)

nZ(ln o, In2N,)— Z(ln O'u)Z(ln2N P
J=1 J=1 J=1

nzn:(ln o) - (iln o)
j=1 j=1

With variance and determination coefficient is:

L ,
5 Zl(ouj —c} (2N,)")

n—

b=

2
o =

2
{Zln2Nf.lnGu—’]lZanNfZInO'M}
, Qo) , (In2N,y
[Z(ln2Nf) HHZ(lnau) e

From the above calculations and analysis, the mathematical model of

R = 4.9)

the bending fatigue for the axial part are :
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b
o, =0 (2N;)

32Pl
o, =——
zd
Y (inc,)-b> (In2N,)
p = j=1
o} =
n
nY (Ino,.In2N;)->» (Inc,)> (In2N,)
NE =1 =1

nZn:(In c,) - (Zn: Inc,)?

4.2 X-ray absorption function
4.2.1 Introduction

As showed in Chapter 2, the stress is calculated through the X-ray
diffraction peak position. However, determining the exact position of the
diffraction line peak must be corrected by the Lorentz-Polarization and
Absorption function (LPA). The absorption function A is the most
important because it has the greatest influence on the stress measurement
results. Therefore, the author studies to set up the X-ray absorption function
to correct the diffraction line. It make the stress measurement results more
accurate.
4.2.2 Q and ¥ Inclination method

The Q method (Iso-Inclination method) have the incident ray AB and
the diffracted ray BC are both in the stress measurement plane (Figure 4.4).
The incident ray AB has a diffraction intensity Iy corresponding to a cross-
section area of 1 x 1 (mm). BC ray diffracted intensity | obtained on a
diffracted crystal volume is calculated over a diffraction area S of length I,
and width I, with a height of dz. Rays AB and BC make an angle a and 3
with the BZ line. There are two ways of measuring in the measurement
method: fixed y and yq. For the fixed-yy, the incident ray AB is fixed and
the BC ray changes (change in the diffraction angle 26). For the fixed
method, the bisector BD of incident ray AB and diffracted ray BC are
fixed, incident ray AB and diffracted ray BC change (change of diffraction
angle 20)
For the ¥ method (Side-Inclination method), the incident ray AB and the
diffracted ray BC belong to a plane perpendicular with the plane of stress
measurement (Figure 4.5a).
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Figure 4.5a. ¥ method

Figure 4.5b. Fixed n

Figure 4.5c. Fixed ng

The ¥ method also has two ways of measuring the fixed angle n
and the fixed angle no. For the fixed no method (Figure 4.5.b), the incident
ray AB is fixed to the perpendicular line with the surface of the measuring
sample BI at angle np and the diffracted ray BC changes with 26 angle.
While the fixed n method (Figure 4.5.c), the bisector BD of the angle
formed by the incident ray AB and the diffracted ray BC is fixed
perpendicular to the specimen surface.
4.2.3 X-ray absorption function for Q and ¥ Inclination method

To establish the X-ray absorption function, the diffraction intensity
I and the incident ray intensity I, must be determined. X-ray absorption is
the difference between these two X-ray intensities. The diffraction intensity
applied to the material is calculated according to the formula [104,105]:

dl =al, exp[-u(F"®;.AB + F>; .BC)]Sdz (4.10)
Where Fij is the orientation parameter of the material. For
anisotropic materials it is the matrix of direction cosines. For isotropic

materials, the direction parameter is the same in all directions and is
constant. The above formula is rewritten [105]:
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dl =al, exp[—x(AB + BC)]Sdz

Where AB= z ,BC = z
cosa cosf

K z z
I =|l,aexp| — + l,1,dz
-([ ° p{ 'u(cow cos,Bﬂ12

la cosa.cos 3 1 1
=—| |, —————exp| —uz +

u "~ cosp+cosa cosa Cosp
B IoaI | COSx.COS 3

u "% cosfB+cosa

The general absorption function is:

I cosa.cos

A=—=l, —————

Iy cosa +cos B

This is the general absorption function formula for Q and ¥

methods.

4.2.3.1 unlimited diffraction area

In the case of stress measurement with unlimited diffraction area

(Figure 4.4), the length 1, and the width |, are determined.:

1

o0

0

(4.12)

h=——,=1
cosa
For fixed y, method, we have : a = yo and f = yo+ 2n
COSa =COsy,,
cos f =cos(y, + 217) = —cos(y, — 26) (4.13)

Where 7=90° -0
Substituting equation (4.13) into (4.12), we have the absorption
function A for the y, method
—cos(y, — 20)

= 4.14
Cosy, —Cos(y, —26) (4149
For fixed y method, we have: y, = y - 1 and n = 90°-0
COSa =COSy, =Sin(y + 6)
(4.15)

cos 3 = cos(y + 1) = cos(y +90° — 6) =—sin(y —6)
Substituting into equation (4.12), we have the absorption function
A for the y method
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B —sin(y —6)
sin(y +6) —sin(y —0)
The equation (4.16) which is X-ray absorption function for the
fixed- y method was established by Koistinen [102].
For the ¥ method, the length I, and the width I, are determined:
1 1
l, = A, =
cosy cosn
For fixed 1o method, we have: coso = cosycosn, and cosp = cosycosy”
Substituting 7, =90° —6,, 1 =180° 20 -7,
We have COSa = COSy COS17j, = COSy/Sin G,

(4.16)

(4.17)

cos B =Cosy Cosy = cosy cos(180° —26 —1,) (4.18)

=cosy cos(90° — (20 - 6,)) = cosy sin(26 — )
Substituting into equation (4.17) and (4.12), the absorption function
A for the fixed no method is
A 1 COSy COS 17, COSy Sin(20 — 6,)
- COSy COS 17, COSy Sin @, + cosy sin(26 — 6,)
_ sin(20-6,)
" sing, +sin(20-6,)
For fixed n method, Substituting 6=6, into equation (4.19), the absorption
function A for the fixed n method is
1

A= E (4.20)

4.2.3.2 limited diffraction area

In the case of limited area of diffraction, length I, and width I, are
determined |, =11, =1

Substituting into equation (4.12), the general absorption function
formula for the Q and ¥ method is

A:L: Cosa.cos 3 @21
l, cosa+cosp
For fixed y, method, substituting equation (4.13) into (4.21), we have
A —COSY/,.COS(y,, — 20)
cosy, —Cos(y, —26)
Substituting equation (4.15) into (4.21), the absorption function A for the
fixed y method is

(4.19)

(4.22)
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A —sin(y +6).sin(y —0)  cos2y —cos20
sin(y +60)—sin(w —0)  4.sinf.cosy

For fixed np, method, Substituting 6=0, into equation (4.18) in to (4.21),
the absorption function A for the fixed no method is

A COSy Cosyg cosysin(20—6,) _ cosy.sinG,.sin(260 - 6,)
Cosy sin g, + cosy sin(26 - 6,) sing, +sin(20 - 6,)
For fixed n method, substituting 6=6, into equation (4.24), we have:

(4.23)

(4.24)

A= %coswsin 0 (4.25)

The X-ray absorption function for both Q and ¥ method is summarized in
Table 4.1
Table 4.1. The X-ray absorption function for Q and ¥ method

Method | Fixed Unlimite:rg;ffraction Limited diffraction area
—cos(y, —20) —C0S /. COS(y/, — 26)
Vo oSy, — Cos(y, — 20) oSy, — cos(y, — 20)
Iso(Q) i
. —Sln(!//.—e) COS 2y —C0S 20
v | sin(y +6)—sin(y —06) 4.sin6.cosy
. sin(2¢9 - 60) CO;Z;HLQSO{[]S(I;(:QQ )90)
. - . ~ 0 0
Sicen sin@, +sin(20 - 6,)
1 1 i
L —cosysin@
n 2 2 v

4.3 Residual stress error

There are many methods to approximate the diffraction line for
finding the diffraction peak from which to calculate the atomic face
distance d. Some approximation methods can be used such as Parabolic
function, C.0.G, Lorentzian, Gauss... [106]. The Gauss function gives the
lowest accuracy and error because the it is statistical and has high
reliability. Therefore, in the thesis, the formula for calculating stress error
will be established using Gauss function. The method of least squares is
used to determine the residual stress error.
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Residual stress error was calculated

o, =K. |> A’ (4.30)
j=1

95% confidence of the stress value is:
Ao, = 1+1.960, (4.31)

Chapter 5. EXPERIMENTAL RESULTS AND

DISCUSSION
5.1 Research and propose heat treatment process for specimen
5.1.1 Texture remove
The purpose of this process is to remove the texture of the workpiece which
was caused by the rolling/rolling process. This process also reduce the
grain size and make isotropy in the specimen. The workpiece in this study
is rolled steel with a small diameter (¢14 mm) so that the grain structure is
stretched in the rolling direction (RD) after pulling/rolling and texture
structure appears.

Figure 5.1. Microstructure of workpiece

The microstructure showed that the strong texture structure was existed
(Figure 5.1, following RD direction). It is this that loses the isotropy and
will harmful affect on the fatigue test without heat treatment process. In
addition, many studies also show the influence of grain structure on
mechanical properties, cutting ability [107-110]. Therefore, several heat
treatment processes to remove texture structure to improve the mechanical
properties of steel have been studied by Schindler and Abrdo [110, 111].

A commonly annealing process for C45 steels has been tested for
workpiece with ¢14 mm diameter at 500°C and times of 6, 8 and 10 hours,
respectively [112]. The results show that the texture has improved but it
is still quite significant as shown in Figure 5.2.
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a) 6 hours b) 8 hours

¢) 10 hours

Figure 5.2. Microstructure of workpiece after annealing process

The new process to remove the texture structure was proposed. This
heat treatment process improves the machinability, small grain structure to
improve the fatigue strength of the C45 steel sample. The results of this
study have been published in journal paper [113, 114].

Research results show that all the processes have removed texture
[113]. However, the workpiece which was normalized according to the
proposed procedure at 920°C for 15 min get the best result and this

procedure was applied to next steps for fatigue specimen manufacturing.
k" T PR S RS o T g
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Figure 5.4 shows the results of the texuture removing process. The
texuture in the specimen has disappeared. However, the grain size is still
large, about 15 - 50 um and inhomogeneous.

In order to reduce the grain size and create isotropy, a new process
for particle reduction is presented [114]. The workpiece after texture
removing is normalized at 840°C and then heated a second time at 760°C.
Each stage is 15 minutes. The results of the microstructure in Figure 5.6
show that the grain structure is relatively uniform in both the rolling
direction and the traverse direction. Grain size is about 5 - 10 um. This can

imen.

D A A O, et 24
b) Traverse direction
Figure 5.6. Microstructure after reducing the grain size

5.1.2 Quenching and tempering

The quenching process the sample was at 850°C for 15 minutes, and
cooling in water at 20-30°C [112] to achieve a hardness from 56 to 59
HRC. After quenching, the specimen is tempered at 600°C for 30 minutes.
The microstructure of the sample after quenching and tempering is shown
in Figure 5.7.

a) After quenching b) After tempering
Figure 5.7. Microstructure of the sample after quenching and tempering
5.1.3 Measurement results of the parameters of the specimen
5.1.3.1 Tensile strength
Table 5.3. Tensile strength

yield strength ultimate strength Elongation
o, (MPa) o, (MPa) (%)

Specimen
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1 1.067 1.124 14,925

2 1.090 1.135 14,766

3 1.091 1.168 13,433
Average 1.083+16 1.143 £25 14,374+0,941

From the tensile test results, select the maximum fatigue test stress
with the maximum stress om= 70% o This is suitable for the working
stress of the shaft within the elastic limit of C45 steel.
5.1.3.2 Roughness and hardness

Results are shown in Tables 5.4, 5.5 va 5.6.

Table 5.4. Roughness of specimen Ra (um)

Specimen 1 2 3 Average
Roughness 0,84 0,84 0,87 0,85+0,02
Equipment error: + 0,05 um
Table 5.5. Hardness of specimen after quenching
Specimen 1 2 3 Average
Hardness (HRC) 56,1 58,9 57,9 57,6+2,5
Table 5.6. Hardness of specimen after tempering
Specimen 1 2 3 Average
Hardness (HRC) 31,7 30,2 30,8 30,92

5.2 Effect of chromium coating thickness on fatigue strength
5.2.1 Parameters of chrome plating
5.2.1.1 Coating thickness.
The coating thickness are showed in Table 5.7. This is the average
value after 5 times measurement.

Table 5.7. Coating thickness of chrome plating layer

Specimen coating thickness (um)
1 (10 pm) 9+2

2 (30 pm) 30+5

3 (60 pm) 61+7

4 (90 pm) 93+10

5.2.1.2 Roughness

Table 5.8. Roughness of chrome plating layer Ra (um)
Specimen 1 2 3 Average
Roughness 0,75 0,77 0,82 0,78+0,05

5.2.1.3 Hardness

Table 5.9. Hardness of chrome platmg layer (HV)
Specimen 1 2 Average
Hardness 802 | 832 817+15

5.2.1.4 Adhesion of chrome plating layer

The Vicker hardness tester according to 1SO 19207-2016 is used for
measuring the adhesion of the chrome coating. Firstly, diamond indenter is
placed at the coating/substrate interface. Then, varying force levels from 1
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Figure 5.9. Extrapolated
lines InP — Ind and InP —
Ina
They are plotted versus the applied loads in bilogarithmic scale.
Then, the critical point coordinates (Pc, ac) are determined as the
intersection point between extrapolated lines InP — Ind and InP — Ina and
this value is (35,6646; 73,2572).
Using the critical parameters for cracking, Pc and ac, under which
no crack generates in the coating—substrate interface, apparent interfacial
fracture toughness, Kca, can be expressed as [62]:

%
K, =0,015 (Ej —0,01520046 7 55979 -0,00617 = 6,17(Mpam“?)
a2 \H (73,2572)%

Where : E.= 271 GPa [104], Hc.= 817 HV ~ 8,012 GPa
Es=200 GPa [105], Hs = 30,9 HRC ~ 3,047 GPa
5.2.2 Residual stress of hard chrome plating

The d-Sin“y method was used to conduct residual stress analysis on
the specimen after coating. The 1 method is applied to measure stress. the
specimens were removed chrome layer with 30% hydrochloric acid
solution according to the B. Eigenmann procedure [115] for investigating
the variation of residual stress in the plating layer. The elastic modulus of
chromium is E= 271 GPa and Possion coefficient is v = 0.23 [115] while
that of C45 steel are E =200 GPa and v = 0.3 [116], respectively.

The X-ray diffraction machine after being corrected by the LPA
function (chapter 4). The OriginPro 8.5.1 software is used to interpolate the
diffraction curve according to the Gauss equation. The crystal face
distances in chromium coatings are calculated by Bragg's equation.
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The residual stress is calculated according to the equation 2.52 and
the stress error is calculated according to the equation 4.31 (chapter 4). The
results are shown in Table 5.14.

Table 5.14. Residual stress of specimen

Coating F:]esiduall stress of Residual stress of
thickness (um) c rom(eM;aagr Oocr, substrate o, (MPa)
1 10 620425 66L15
2 30 431429 -84+31
3 60 319+35 -68+32
4 90 228+47 -72+30

The results show that there is always residual tensile stress and
microcracks in chromium plating. This is shown to be due to the
decomposition of chromium hydride during chromium precipitation
causing volume shrinkage and create to tensile stresses and microcracks.

a) 10 pm thickness b) 30 um thickness
50um
, S0um
¢) 60 um thickness d) 90 um thickness

Figure 5.15. Microcracks density of chrome layer
The image processing method based on the proposal of M. Vidal et
al. [16] was applied for evaluating the microcracks density of the chrome
layer. Firstly, the crack images with optical microscopy were converted
into 8-bit black and white images. Image processing is performed by
ImageJ software to calculate the total number of black pixels presenting to
the crack and the total number of black and white pixels of the survey area.
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Figure 5.16. Microcracks density of chrome layer with 8-bit image
The density of micro-cracks is calculated [16]:

Black pixels

Microcrack density(%) = x100

Total pixels
The image results after processing are shown in Figure 5.16 and the
microcracks density is shown in Table 5.15.
Table 5.15. Microcracks density

Coating Black pixels Total pixels Microcrack
thickness (pixel) (pixel) density(%)
(pm)
1 10 14490 713838 2,03
2 30 18555 715624 2,6
3 60 26286 712460 3,69
4 90 38428 712712 54

Figure 5.16 and 5.17 show that increasing the chromium coating
thickness, the tensile stress decrease and the micro-cracks density increase.
This is cause as the thickness increases, the shrinkage of chromium crystals
increases cause to tensile residual stress and microcracks appear. The
residual tensile stress is reduced due to this microcrack appear [64,78].
Specifically, the tensile stress of 10 um thickness is 620 MPa, the tensile
stress is reduced to 431 MPa for a thickness of 30 pm, 319 MPa for 60 pm
and will be 228 MPa for a thickness of 90 um. However, the micro-cracks
density increased from 2.03% to 5.4% with the thickness from 10 um to 90
um. The microcrack density of the chromium layer are consistent with the
study [16] when the average microcrack density of the chromium plating
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layer is 3.4%. However, the coating thickness is not shown in this study,
the author showse the parameters of the plating process

700 M 10 microns
# 30 microns

600 r A 60 microns
[ 90 microns

Residual stress, MPa

Subtrate 0 7

j, 20 40 60 80 100

Thickness, um

Figure 5.17. Residual stress gradient for chromium plating thicknesses

Figure 5.17 shows the variation of residual stress of the chromium
plating with different plating thicknesses. The residual stress of substrate is
in the range -66 MPa to -84 MPa. This shows that the substrate has very
little stress after tempering process. The tempering process has almost
completely relieved the stress by machining and quenching process.
5.2.3 Effect of chromium plating on fatigue strength
5.2.3.1 Evaluation Criteria

- Based on stress - life data

- Based on endurance and fatigue limit
5.2.3.2 Analysis

The purpose of the test is to evaluate the fatigue strength on C45
shaft steel with different coating thicknesses when coated with tungsten
carbide using modern HVOF coating and hard chrome plating. From there,
compare and evaluate the fatigue strength of tungsten carbide coating using
HVOF method and hard chrome plating. Besides, the research will give the
evaluation for the selection of coating method and appropriate thickness for
the shaft.
5.2.3.3 Experiment results
The fatigue equation was established for the C45 material and

different chromium plating thicknesses based on the mathematical figure
model and experimental data:

+ C45 Substrate: o, =2260,502N )"

+ 10um — chrome plating: o, =1678,12N ) "™
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+ 30um — chrome plating: o, =1369,52N )"

+ 60um — chrome plating: o, =1306,4(2N )"
+ 90um — chrome plating: o, =987,64(2N ) !
Table 5.17. Fatigue equation parameters
. (t/d) ratio o’
Specimen (MPa) b
C45 Substrate 2260,5 -0,105
10um\chrome 0,0013 1678,1 -0,088
plating
30pm\chrome 0,004 1369,5 -0,076
plating
60um\chrome 0,008 1306,4 -0,075
plating
90pum\chrome 0,012 987,64 -0,061
plating

In investigating the influence of coating layer on the fatigue strength
of the part, the previous studies only analyse sensory evaluation through the
stress-cycles without giving a mathematical equation for the fatigue curve
[19-22], [27], [40-43]. In this thesis, the mathematical equation of the
fatigue curve with each coating thickness is determined. The cycles number
of any load stress value is easily determined from this equation. This is
good conditions in research as well as practical application.

The determination coefficient R~ 1 are shown in Table 5.17. This
show that the fatigue equation is very suitable to the selected mathematical
figure model.

800

+ Substrate, C45 Steel
750 XX X Chrome plating/10 microns
- 6,22260,5(2N0105 m Chrome plating/30 microns
700 N R2=0,9495 A Chrome plating/60 microns

- Chrome plating/90 microns
6:=1678,1(2N)0.088
650 R2=0,9587
\ 6:=1369,5(2N)0.076
600 ANAA B BEE 0oex X g R2=0,0568

\

550 RS 6,=1306,4(2N) 0075

b e R>=0,9694
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Figure 5.18. S-N curve of hard chrome piaung
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Figure 5.18 shows that the fatigue strength of the chrome plating parts is
greatly reduced compared to the substrate. The fatigue strength decrease as
the coating thickness increases. The chromium plating layer is always
residual tensile stress and microcracking which causing a decrease in
fatigue strength. As mentioned in the previous section, the tensile residual
stress in hard chrome plating tends to decrease with increasing coating
thickness. Theoretically, this should make fatigue strength to increase again
with increasing thickness. However, the result is not the same because
increasing the thickness of the chrome layer, the residual tensile stress
tends to decrease but the microcracks density increases. It make cracks
propagate early.

The fatigue limit (c.,) at the 10 cycles shows that the fatigue limit of
the 10 pm coating thickness is 6.; = 420 MPa, decrease of 2.3% compared
to the substrate, while that of 30 pum plating thickness is o.; = 400 MPa,
reduction of 6.97% compared to the substrate. For 60 and 90 pm
thicknesses, the fatigue limit is 6., = 390 MPa and 370 MPa respectively,
which means a reduction of 9.3 % and 11.62 % compared to the substrate.
The reason is the chromium plating thickness increased from 10 um, 30
um, 60 pm and 90 um, the crack density increased by 2.03%, 2.6%; 3.69%
and 5.4%, respectively. A higher microcracks density reduces bonding in
the chromium lattice and cracks develop earlier when cyclic stress loading.
This reduces fatigue strength on the chromed part for the respective plating
thicknesses. The reduced fatigue strength of plating hard chromium are
consistent with studies [19, 20] when evaluated on a plating thickness.
However, the study of author Voorwald [27] showed that the fatigue
strength decreased by about 35% and there was little difference between the
two chromium plating layers with 45 um and 120 um thicknesses when
evaluating the effect of the chromium layer to fatigue strength on AISI
4340 high-strength steel. While research results show that fatigue strength
decreases from 2.03% to 5.4% with thickness from 10 pm to 90 pm on C45
steel (heat treated). This demonstrates that the effect of chromium plating
on fatigue strength on different substrates will give different results

Figure 5.20 shows that the initial crack always exists in the crystal
lattice of the hard chromium layer. The SEM figure also shows that the
adhesion of the chromium plating and the substrate is very good (Figure
5.21)
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Figure 5.20. Microcracks in chorme layer
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Flgure 5. 21 Chrome plating layer Wlth SEM
Figure 5.22 shows that fatigue cracks develop from the original cracks
existing in the chromium coating. Cracks in the coating surface develop
towards the center of the part and destroy the specimen when cyclic load is
applied . As the micro-cracks density increases, this means that the number
of micro-cracks/coating area increases leading to weakening of the bond in
the coating and fatigue crack propagate early. As a result, fatigue decreases
with increasing thickness of the chromium coating.

Flgure 5 22 Crack propagation |n chrome platlng specimen
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5.3 Effect of carbide vonfram coating thickness on fatigue strength
5.3.1 Measurement results of the parameters of the specimen
5.3.1.1 Microstructure of carbide vonfram layer

Figure 5.23 shows the diffraction curve of the WC-10Co-4Cr
coating. The results show the WC phase occupies the majority and it is the
main phase. In addition, the diffraction peak representing the WC phase,
the W,C phases were also detected in the coating layer. This is the result of
high temperature decarburization during the coating process. This is
consistent with the conclusion of the study [36]. In addition, the CoCr
binding phase is also determined through this analytical method. We can
see the WC hard phase is linked together through the CoCr matrix phase
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Io a .
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&
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20 40
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0 80 100

S-4800 10.0kV 16.0mm x10.0k SE(M)

Figure 5.23. X-ray diffraction Figure 5.24. Microstructure of coating
pattern of WC-10Co-4Cr layer
5.3.1.2 Coating thickness.
The coating thickness are showed in Table 5.18. This is the
average value after 5 measurements
Table 5.18. coating thickness of carbide vonfram

. HVOF coating
Specimen
(um)
1 3145
2 63+7
3 92+10

5.3.1.3 Roughness
Roughness of carbide vonfram specimen are showed in Table 5.19

Table 5.19. Roughness of carbide vonfram specimen (um)
Specimen 1 2 3 Average
Roughness 6,31 6,52 6,46 6,43+0,12

5.3.1.4 Hardness and adhesion of carbide vonfram.
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Table 5.20. Hardness of carbide vonfram (HV
Specimen 1 2 3 Average
Hardness | 1230 | 1056 [ 1020 | 1102+128

Similar to measuring the adhesion of the chrome coating, the
Vicker hardness tester according to ISO 19207-2016 is used. The
measurement results are shown in Table 5.21. The critical point value
(Pc,ac) which cracks appear is the intersection between the lines InP-Ind
and InP-Ina as show in Figure 5.25. From this value, we can determine the
intersection of the lines InP-In and InP-Ina is (47.3738; 72.1279).

The adhesion strength of coating Kca (MPa.m1/2) is

%

K, =0,015¢ (Ej “_0,015- 47378 7 16711-0,00831=8 31 MPam"?)
a2 \H (72,1279)"

Where: E.=316 GPa[37], Hc= 1102 HV ~10,81 GPa

Es =200 GPa [105], Hs = 30,9 HRC ~3,047 GPa
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Figure 5.25. Extrapolated lines InP —
Ind and InP — Ina
5.3.2 Residual stress in carbide vonfram layer.
Tungsten carbide materials are multiple phases. However, the WC
phase is the main phase and accounts for the highest percentage (86%).
Therefore, the residual stress on the tungsten carbide material is only
calculated for this carbide phase. The WC-10Co-4Cr material has an
elastic modulus of E= 316 GPa and Possion coefficient v = 0.22 [37].
Through the results of X-ray diffraction and the d-Sin“y diagram, the
residual stress value for the substrate/coating interface with the coating
thicknesses was calculated. The results are shown in Table 5.24.
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Table 5.24. Residual stress of carbide vonfram specimen

Coaing Residual stress of Residual stress of
thickness carbide vonfram substrate (MPa)
(um) (MPa)
1 30 -158+ 22 -613+ 29
2 60 -226+ 28 =721+ 17
3 90 -341+ 24 =754 £ 28

There is always a compressive residual stress in the tungsten
carbide coating. The reason is that the WC particles are very hard and do
not melt under the temperature when spraying in HVOF process. Therefore,
the kinetic energy of these hard particles with the steel substrate and the
previous coating at high speed causes plastic deformation and causes
compressive stress. Another factor affecting the compressive residual stress
of the coating is due to the post-coating cooling process. The thermal
expansion coefficient of the coating is smaller than the thermal expansion
coefficient of the substrate which will produce a compression. In this study,
the coefficient of thermal expansion of AISI 1045 steel is 11.52 x 10°K™
while the coefficient of thermal expansion of WC-10Co-4Cr coating is 5.5
x 10°K™ [ 36]. Thus, it will cause compressive stress when coating WC—
10Co-4Cr on AISI 1045 steel. This is also consistent with the published
results of the study [37, 38] when evaluating the residual stress of the
tungsten carbide layer on the carbon steel base with a coating thickness.

Substrate oL Coating thickness, pm

90

4 30 microns

Residual stress, MPa

A 60 microns

‘ 90 microns

-900 -

Figure 5.31. Residual stress of carbide vonfram layer
The results also show that the compressive residual stress value
increases with the coating thickness. Residual stress measurement results

35



show that the 30 um coating thickness is -158 MPa while it is -226 MPa for
the 60 pum thickness and -341 MPa for the 90 um thickness. In the HVOF
coating process, the coating thickness is increased by increasing the number
of passes because we cannot be adjusted parameter to get a thick layer for
each pass coated. In this thesis, the coating thicknesses of 30 pum, 60 um,
and 90 pm are respectively 2/4/6 coating pass. This means that the
thickness increases, the collision time of the WC particles with the previous
coating increases and leading to greater plastic deformation and higher
compressive stress. Furthermore, as the coating thickness increases, the
coating time increases and the heating time increases. Finaly, the substrate
has a higher temperature. It is also one of the causes of increased residual
compressive stress (according to equation 2.27). The effect of this
temperature factor on compressive residual stress is in accordance with the
study [119]

The residual stress at the coating/substrate interface shows that the
value of compressive residual stress is high in three coating thicknesses.
The reason is the substrate is grit blasted with Al,O; particles to create
surface roughness to enhance coating adhesion before carbide coating. This
also causes the substrate surface is large plastic deformation and create
residual compressive stress. The compressive residual stress value also
increased. It grow up with the coating thickness from 613 MPa to 754 MPa
with the coating thickness of 30 um to 90 pum. The reason is plastic
deformation due to Al,Os particle spraying and it is also due to plastic
deformation during coating process (WC particle kinetic energy). This
plastic deformation increases with increasing coating thickness.

5.3.3 Effect of carbide vonfram on fatigue strength

Fatigue equations were established for tungsten carbide with
different coating thicknesses on C45 steel base on experimental data and
fatigue model.

+ WC-10C0-4Cn\30 um: o, =1 191,7(2]\[/)4’-062
+ WC-10C0-4Cn\60 um: o, =1379.22N, )07
+ WC-10C0-4Cn\90 um: o, =1517,92N ) "
Table 5.26. Fatigue equation parameters
. (t/d) o’

Specimen ratio (MPa) b
WC-10C0-4Cr\30 um 0,004 1191,7 -0,062
WC-10C0-4Cr \60 pm 0,008 13792 | -0,071
WC-10C0-4Cr \90 pum 0,012 1517,9 | -0,073

36



The coefficient of determination R? is showed in Table 5.26. All values
are greater than 0.7 so demonstrating the suitability of the figure model

Fatigue strength in tungsten carbide coating show that fatigue
strength tends to increase with coating thickness. Specifically, the fatigue
strength of the 30 um coating thickness is 1,444,648 cycles at a stress of
475 MPa. It is 1,949,652 cycles for 60 um coatings thickness while it is
unbroken (run out-107 cycles) for 90 um. The comparison of fatigue limit
with the substrate shows that the fatigue limit of tungsten carbide coating is
higher than that of the substrate and increases with coating thickness. The
coating fatigue limit of 30 um is o;= 450 MPa (increase of 4.65%
compared to the substrate) and that of 60 um is 6,= 460 MPa (increase of
6.97% compared to the substrate) while it is o,= 475 MPa (10.46%
increase compared to substrate) the 90 pum. There is always residual
compressive stress and increases with the coating thickness. This make to
increase the fatigue strength of the part. The results of tungsten carbide
coating creating compressive residual stress and increasing fatigue strength
are consistent with the study [40, 45]. However, it also shows that the effect
of coating on fatigue strength of C45 steel material (heat treated) is
different from other substrate. According to the study [40], fatigue strength
increased to 540%-4300% when coating WC-10Co—4Cr on aluminum
alloy AA6063-T6 with 250 um/12.5 mm of coating thickness/diameter.
While coating tungsten carbide on AISI 4340 high-strength steel material
causes a reduction in fatigue strength to 21.4% for a coating
thickness/specimen diameter of 200 pum/6.35 mm [46]. Similarly, this
coating make to reduce fatigue strength by 28.9% on steel base 15-5PH
(ASTM A 564) according to research [48]. Besides, some studies also show
that coatings with higher elastic modulus than the substrate will increase
fatigue strength [45]. In this thesis, the elastic modulus of C45 steel and
WC-10Co-4Cr coating are E = 200 GPa and 316 GPa, respectively
[37,116]. Another factor affecting the fatigue strength of the coating is the
compressive residual stress of the substrate. The substrate is grit blasted
with Al,O; particles to create roughness for increasing the adhesion of the
coating. However, this factor causes the substrate to be plastically
deformed and generates a very large residual compressive stress. This
contributes to an increase in the fatigue strength of the coated specimen.
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Figure 5.32. S-N curve of Carbide Vonfram

Figure 5.34 shows the tungsten carbide coating had very good
adhesion and it isn’t delamination under load.

The fatigue fracture surface of the coating specimen is shown in
Figure 5.36. This result is fatigue cracking propagation when stress is
applied at the reduced section on the specimen (©7.5). Figure 5.35 shows
that cracks originating from outside the coating surface or from pores will
propagate into the substrate material. This result is consistent with the
analysis of studies [18, 41]. Besides, figure 5.35 shows that the crack
propagates through the WC particles and the crack propagation speed
increases when encountering the pores in the coating. This result is
consistent with published [120]. However, this crack growth slows down
because of compressive stress in the coating layer.

For the coating specimen, the substrate has a very high compressive
residual stress. Therefore, cracks on the coating surface cannot propagated
into the substrate. It is like a barrier that prevents the growth of cracks from
the outside. Fatigue cracks continue to propagate along the interface
boundary between the coating and the substrate surface and delamination
occurs again when the applied load is high enough. The crack delamination
will stop at the place where the substrate surface has a high roughness and
also is the greatest stress concentration location. Finally, cracks propagate
into the shaft and fatigue failure occur.

As the coating thickness increases, the compressive residual stress
increases. It is will prevent the appearance and growth of the initial crack in
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the coating. The fatigue strength increases with increasing coating
thickness

Interface

Substrate
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Figure 5.34. SEM of WC-10Co-4Cr  Figure
coating specimen WC-10Co-4Cr layer after load
applied

.ks propagat

Figure 5.36. Fracture surface of a fatigue failure
5.4 The effect of chromium plating and tungsten carbide coating on
fatigue strength and applicability
5.4.1 Comparison of the effect of chromium plating and tungsten
carbide coating on fatigue strength

Figure 5.37 show the fatigue life of hard chrome plating and tungsten
carbide coating for 30 pm, 60 um, 90 um thicknesses

Figure 5.37 shows that the fatigue strength of tungsten carbide
coating is always higher than that of chromium plating when considering
the same thickness. Although the surface roughness of tungsten carbide
coating is always greater than chromium plating. This is consistent with the
study [47] when evaluating the effect of these two coating methods on the
fatigue strength of 316 stainless steel substrates with a coating thickness of
100 um. While the study [46] showed that both methods caused a decrease
in fatigue strength when coated on high strength steel AISI 4340 but the
fatigue strength of WC-Co-Cr coating decreased lower than that of
chromium plating.
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Figure 5.37. S-N curve of chrome plating and carbide vonfram

There are always two opposing trends when comparing the effect of
coating thickness on fatigue strength. Fatigue strength tends to increase
with carbide coating thickness and vice versa with hard chrome plating.
The chromium layer there is always a microcracking that reduces fatigue
strength while the carbide layer always has a residual compressive stress
and increases the fatigue strength.

Figure 5.38 shows the fatigue limit of the chromium plating layer of
30 um thickness is 6.; = 400 MPa while the fatigue limit of the carbide
coating is 0.1 = 450 MPa (12.5% increase compared to chromium plating).
For a thickness of 60 pm, the fatigue limit of chromium plating is 6., =
390 MPa while the fatigue limit of the carbide coating is 6, = 460 MPa
(17.9% increase compared to chrome plating). This ratio increases as the
coating thickness is increased to 90 um and the fatigue limit of chromium
plating is 6.; = 370 MPa while the fatigue limit of the carbide coating is 6.4
= 475 MPa (increase of 28.3% compared to chrome plating).
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Figure 5.38. Fatigue limit of chrome plating and carbide vonfram
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5.4.2 Applicability of chrome coating and tungsten carbide coating

The research results show that the tungsten carbide coating can
replace the chromium coating. However, the results of the thesis also show
that depending on the specific working conditions, it is possible to use the
coating method with suitable thickness in a reasonable way. The apply
loads under the fatigue limit (at 10" cycles) of the a thickness of
10/30/60/90 um are 420/400/390/370 MPa, respectively, the chrome
plating method considered as a method to get both fatigue and economic
criteria. For higher loads apply, we consider using a tungsten carbide
coating with a fatigue strength limit of 450/460/475 MPa are 30 pum/60
um/90 um, respectively. It should also be emphasized that the above
research results only apply to C45 steel (which applied heat treatment
according to the shaft) because the effect of coating on fatigue strength is
different for different substrate materials.

Chapter 6. CONCLUSION AND FUTURE SCOPE

1. Conclusions

The following conclusions are drawn on the basis of experimental
observations and analysis:

- For the chrome coating, the tensile stress decreases and the
microcracks density increases as the coating thickness increases. In
contrast, in tungsten carbide coating, there is always residual compressive
stress and increase with coating thickness.

- The fatigue strength of the chrome-plated specimen decreases with
the thicker the plating layer. It decreases 2.3%; 6.97% ; 9.3% and 11.62%
with 10, 30, 60 and 90 um thickness, respectively when compare to
substrate.

- The fatigue strength of the tungsten carbide coated increases as the
coating thickness increases. It increase 4.65%; 6.97% and 10.46% with 30,
60 and 90 pm, respectively, when compare to substrate.

- Establish fatigue equations for different coating thicknesses for two
coating methods.

- Tungsten carbide coating has significantly higher fatigue strength
than hard chrome plating and is a good alternative to chromium plating
.The increase of tungsten carbide fatigue strength of 30, 60 and 90 pum
thickness are 5%; 17.9% and 28.3% respectively. In addition, the ratio of
coating thickness/diameter (t/d) is also taken into account in the thesis to
refer for selecting the thickness coating for real shaft.

2. Scope for future work
In future, the present work may be extended in the following lines:

41



- This study only considers the influence of chromium plating and
tungsten carbide coating at micro thickness. Therefore, it is necessary to
evaluate the coating thickness at a thinner nanoscale.

- The research is only carried out on C45 steel. Therefore, it is
possible to expand the research with other materials to create a dataset for
appling research results into production.
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