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Obiectivul fazei

Realzarea de probe optimizate cu acoperiri tribologice uscate, cu structura de strat 
unic si compozitie constanta si evaluarea proprietatilor:

► structurale si compozitionale (pe adancimea stratului depus)
- prin RBS - DFNA / IFIN-HH

► compozitionale 
- prin SEM-EDS - DFNA / IFIN-HH

► mecanice si tribologice 
- Aderenta la substrat - prin Scratch Test-UTBv - Fac. Stiinta Materialelor,                      
- Duritatea - prin Hardness Test-UTBv - Fac. Stiinta Materialelor,
- Caracteristicile tribologice - prin Ball on Disck Tribometer Test-UTBv

- Fac. Stiinta Materialelor,

____________________________________________________________________________________________________________________________________________________________

28.07.2021 PN 19 06 01 03 2



328.07.2021
____________________________________________________________________________________________________________________________________________________________

PN 19 06 01 03

1. Coeficient de frecare/COF scăzut, determinat prin testul tribometric (Pin/ball-on disk Tribometer 
Test), in micro-tribologie este o masura a fortei de frecare (respectiv a fortelor de abraziune si de adeziune in 
nano-tribologie) ce se opune miscării unui obiect aflat in contact cu o suprafată (previzionat de COF al 
materialelor utilizate si de structuri super-nanostructurate)

2. Duritate ridicată, definita ca rezistenta la deformare (prin zgariere sau indentare/ amprentare) sub 
actiunea unui corp strain, este determinata uzual prin testul de indentare (Hardness Indentation Test) si se 
masoara in GPa. Pentru indentare: H = P/α0.a2, unde: P = forta de amprentare; a = dimensiunea amprentei 
lasate de indentor; α0 = constanta (previzionat de H al materialelot utilizate si de strcturi super-nanostructurate)
3. Tenacitate (toughness = Kc) ridicată sau rezistenta la fracturare, este data de relatia:  Kc= 
1(E/H)1/2(P/c3/2), unde: P=sarcina de deformare; c= dimensiunea  fisurii rezultate prin indentare; 1=coeficient 
numeric care tine cont de dimensiunile indentorului: 1=0,016 pentru varfurile de indentare, tip Berkovich si 
Vikers (este previzionata de parametrii σr, E si H ai materialelor utilizate si de structure super-nanostructurate) 
4. Aderenţă bună la substrat si coeziune ridicata intre straturi, este determinata uzual prin testul 
de zgariere (Scratch Test) si este redata de sarcinile critice LC1, LC2 si LC3, ce reprezinta fortele (in Newton) la 
care apar la: Prima fisură (LC1); Prima delaminare (LC2); Delaminare totala (Exfoliere a mai mult de 50% din 
strat -LC3, previzionata de Electronegativitatea materialelor utilizate- χ si de parametrii procesului tehnologic)
5. Conductivitate termică ridicată, notata prin λ sau k (in W/m.K) (previzionata de coeficientul λ al 
materialelor utilizate si de combinarea lor sinergica, in cazul acoperirilor super-nanostructurate); 
6. Rezistenţă înaltă la coroziune şi oxidare termică/ stabilitate termică şi chimică, 
(previzionata de parametrul χ al materialelor utilizate si de combinarea lor sinergica, in super-nano-structuri).
NOTA: Combinarea sinergica a proprietatilor materialelor utilizate, conform CBI 00167/2016  are loc in cazul
acoperirilor cu structuri super-nanostructurate, adica in super-nano-structuri cu grosimi mai mici de 10 nm

Acoperiri tribologice – Caracteristici esentiale si parametrii de evaluare
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CoF static/ dinamic/ cu lubrifiere - pentru materiale comune
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Calitatea
acoperirilor tribologice

6 caracteristici – 6 materiale

Complementaritate proprietati fizico-chimice
Costuri de realizare
Conditii de mediu de lucru pentru cupla de frecare
Sarcina de apasare a cuplei de frecare, etc.

Coef. de frecare, μ ≤ 0,1 – 0,2
Coef. de uzura, kw, influentat de – duritate, H

– rezistenta la rupere, σr
– tenacitate, E, H/ E, H2/ E2

Aderenta la substrat si coeziune intre straturi, LC1, LC2, LC3
Duritate, H
Conductivitate termică, λ sau k (in W/m.K)
Tenacitate (rezistenta la fracturare) , K - σr, E si H  

Teoretic

6 caracteristici – 2…5 materiale (elemente chimice din TP-E; compusi chimici) (brevet)

Practic
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Tab. 1. Proprietaţile Ti, TiB2, WC, WS2, TiN, B4C
Materiale utilizate in cadrul fazei
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Materialul 
tintelor de 
pulverizare

E
[GPa]

H
[GPa]

λ
[W/m.K]

μ/COF
(fata de otel)

Date ale structurii nou create, tip  HEM5

Elementul chimic Strucura 
cristalina

Raza atomica
[pm]

Grupa Principala - 1 W Cub cu fete 
centrate/ CFC 193

WC 450 – 650 2,1 80-100 0,4-0,6 Ti hexagonal 
compact/ hcp 176

TiB2 510 - 550 33 25 0,5 – 0,65 C Hexagonal 67

WS2 400 - 410 1 32 - 140 0,03-0,07 B Romboidal 87

Ti 110 0,83 - 3,42 22 0,4-0,6 S Ortorombic 88

Date ale structurii nou create, tip HEM 6

Grupa Principala - 2 W CFC 193

B4C 218-290 41-45 687 0,35 – 0,55 Ti hcp 176

TiB2 510 - 550 33 25 0,5 – 0,65 C Hexagonal 67

WS2 400 - 410 1 32-140 0,03-0,07 B Romboidal 87

TiN 250 - 320 31 19; 29 0,18-0,51
S Ortorombic 88

N - 56
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Tetraboron carbide (B4C)

Boron carbide (chemical formula approximately B4C) is an extremely hard boron–
carbon ceramic and covalent material used in tank armor, bulletproof vests, 
engine sabotage powders,[1] as well as numerous industrial applications. With a Vickers hardness of >30 
GPa, it is one of the hardest known materials, behind cubic boron nitride and diamond.[2]00

Vickers hardness of selected hard materials

Material Vickers hardness (GPa)

Diamond 115

c-BC2N 76

γ-Boron 58

c-BN 48

OsB4 37

B4C 35

WB4 ~30

AlMgB14 26.7

ReB2 ~20
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Titanium diboride (TiB2) is an extremely hard ceramic which has excellent heat conductivity, oxidation 
stability and wear resistance. TiB2 is also a reasonable electrical conductor

Physical properties
TiB2 shares some properties with Boron Carbide & Titanium carbide, but many of its properties are superior 
to those of B4C & TiC

Exceptional hardness at extreme temperature
2nd hardest material at 3000°C (# Diamond)
3rd hardest material at 2800°C (# cBN)
4th hardest material at 2100°C (# B4C)
5th hardest material at 1000°C (# B6O)

Advantages over other borides
Highest Boride Elastic Modulus
Highest Boride Fracture Toughness
Highest Boride Compressive strength
2nd highest Boride melting point (3225 °C) (# HfB2)

Other advantages
High thermal conductivity (60-120 W/(m K)),
High electrical conductivity (~105 S/cm)

Titanium diboride (TiB2) 
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Titanium nitride (TiN; sometimes known as Tinite) is an extremely hard ceramic material, often used as a 
coating on titanium alloys, steel, carbide, and aluminium components to improve the substrate's surface 
properties.

Applied as a thin coating, TiN is used to harden and protect cutting and sliding surfaces, for decorative 
purposes (due to its golden appearance), and as a non-toxic exterior for medical implants. In most 
applications a coating of less than 5 micrometres (0.00020 in) is applied.

TiN has a Vickers hardness of 1800–2100, a modulus of elasticity of 251 GPa, a thermal expansion 
coefficient of 9.35×10−6 K−1, and a superconducting transition temperature of 5.6 K.

TiN will oxidize at 800 °C in a normal atmosphere. TiN has a brown color, and appears gold when applied as 
a coating. It is chemically stable at 20 °C, according to laboratory tests, but can be slowly attacked by 
concentrated acid solutions with rising temperatures.

Depending on the substrate material and surface finish, TiN will have a coefficient of friction ranging from 0.4 
to 0.9 against another TiN surface (non-lubricated). 

The typical TiN formation has a crystal structure of NaCl-type with a roughly 1:1 stoichiometry; 
TiNx compounds with x ranging from 0.6 to 1.2 are, however, thermodynamically stable.

Titanium nitride (TiN)



1028.07.2021
____________________________________________________________________________________________________________________________________________________________

PN 19 06 01 03

•Tungsten Disulfide (WS2) is dry/solid lubricant powder and is one of the most lubricious substance in world. 
WS2 offers excellant dry lubricity (COF: 0.03) unmatched to any other substance, including Graphite or 
Molybdenum Disulfide (MoS2).

•Tungsten Disulfide (WS2) can also be used in high temperature and high pressure applications. It offers 
temperature resistance from -450 deg F (-270º C) to 1200 deg F (650º C) in normal atmosphere and from -
305 deg F (-188º C) to 2400º F (1316º C) in Vacuum. Load bearing ability of coated film is extremely high at 
300,000 psi.

•Tungsten Disulfide (WS2) can also be used instaed of Molybdenum Disulfide (MoS2). See comparison of 
WS2 / MoS2

•Since the powder offers one of the lowest Coefficient of Friction (Dynamic @ 0.03 & Static @ 0.07), the 
applications are unlimited and could be tried with every conceivable idea.

Tungsten disulfide (WS2) - Lower Friction Lubricant
https://www.lowerfriction.com/products/powder
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Probe cu CoF mai mic de 0,3 - pentru optimizare
Proba 3:   WC-120W + TiB2-270W + Ti-120W + WS2-100W
Proba 4:   WC-180W + TiB2-180W + Ti-60W + WS2-100W
Proba 5:   TiB2-30W + Ti-30W + WS2-110W
Proba 9:   B4C-60W + TiB2-90W + TiN-60W + WS2-100W
Proba 10: B4C-xW + TiB2-yW + TiN-zW + WS2-100W
Proba 12: B4C-36W + TiB2-180W + TiN-36W + WS2-100W

Rezultatele testului de tribologie/CoF – pentru probe realizate in Faza 1

a) Coeficientul mediu de frecare b) Variatia COF cu distanta de alunecare



Parametrii Tehnologici de realizare: 
1.Probe optimizate, realizate in Faza 1 a proiectului: 9; 10; 12.

2. Probe noi, realizate in cadrul Fazei 2 a proiectului
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Compozitia probelor realizate in Faza 1 si 2 a proiectului (9, 10, 12 si 15 – 19),
obtinuta prin RBS
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Compozitia probelor 9; 10, 12, realizate in faza 1 a proiectului - obtinuta prin RBS

Proba 9                                                              Proba 10                                                             Proba 12

Strat unic cu compozitie constanta
B4C-60W + TiB2-90W + TiN-60W + WS2-100W

Multistrat -8 pachete cu compozitie modulata in pachet
[(B4C-24W + TiB2-240W + TiN-24W + WS2-100W) -5 min +

(B4C-36W + TiB2-180W + TiN-36W + WS2-100W) - 5 min +
(B4C-348W + TiB2-120W + TiN-72W + WS2-100W) – 5 min]

Strat unic cu compozitie constanta
B4C-36W + TiB2-180W + TiN-36W + WS2-100W
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Compozitia probelor noi (15 – 19), realizate in faza 2 a proiectului - obtinuta prin RBS

Proba 15                                                             
Strat unic cu compozitie constanta
B4C-36W + TiB2-60W + TiN-36W + WS2-60W

Proba 17                                                             Proba 18                                                             Proba 19
Strat unic cu compozitie constanta                      Strat unic cu compozitie constanta Multistrat din 12 pachete identice si repetitive, 

cu compozitie modulata in pachet
B4C-36W + TiB2-60W + TiN-36W + WS2-120W                       B4C-36W + TiB2-180W + TiN-36W + WS2-120W     [(B4C-36W + TiB2-180W + TiN-36W + WS2-120W)/-5 min +

(B4C-36W + TiB2-120W + TiN-36W + WS2-80W) - 5 min +
(B4C-36W + TiB2-60W + TiN-36W + WS2-40W) – 5 min]

Proba 16
Strat unic cu compozitie constanta
B4C-36W + TiB2-60W + TiN-36W + WS2-60W

PN 19 06 01 03
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Compozitia probelor inainte si dupa optimizare - obtinuta prin SEM-EDS
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Coefficient of friction (COF) with sliding distance for composite A under various testing conditions  

Dry sliding friction and wear properties of B4C particulate-reinforced Al-5083 
m0 matrix composite [1}

Rezultate publicate pentru
CoF - B4C
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Tribological properties of TiB2 and TiB2–MoSi2 ceramic composites [2]0

The frictional behavior of (a) 
monolithic TiB2 and (b) TiB2–MoSi2
(20 wt.%) composite, during fretting 
against bearing steel.

Rezultate publicate pentru
CoF – TiB2
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The friction coefficient evolution of a TiN coated contact during sliding wear [3]

Friction coefficient evolution of the sample under load of 200 NSimulative and experimental friction coefficient curves of the sample 
under 200 N, 300 N and 400 N.

Rezultate publicate pentru CoF - TiN
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Dry sliding wear behavior of MoSi2-Mo5Si-Mo5SiB2 composite at 
different temperatures and loads [4]

a Evolution of the friction coefficient versus time for sliding tests at different temperatures. 
b Friction coefficient of the MoSi2-Mo5Si3-Mo5SiB2 composite at

different test temperatures.

Rezultate publicate pentru CoF – MoSi2
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Tribology study on TiB2+WSi2 Composite against WC [5]

Rezultate publicate pentru CoF – TiB2 +WS2
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Rezultatele testului de Tribometrie (Ball on Disck Tribometer Test)
Pentru probele noi realizate –cu COF optimizat

a) Coeficientul mediu de frecare b) Variatia COF cu distanta de 
alunecare.
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Tab. 3. Rezultate  brute/neprelucrate privind CoF si k (wear coefficient) 
Proba 17 cu cel mai scazut COF(0,18) – din a 2-a grupa de materiale (B4C+TiB2+TiN +WS2
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Tab. 3. Rezultate  brute/neprelucrate privind CoF si k (wear coefficient) 
Proba 4 cu cel mai scazut COF (0,13) – din prima grupa de materiale (WC+TiB2+Ti+WS2)



Rezultatele testului de duritate (Hardness Test)
Pentru probele noi realizate –cu COF optimizat
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Rezultatele testului de duritate (Hardness Test)
Pentru proba nr 17 – cu cel mai scazut COF
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Indentation 
Images



Statistica datelor la testul de duritate (Hardness Test) – partea 1-a
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Statistica datelor la testul de duritate (Hardness Test) - partea a 2-a
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Date de amprentare la testul de duritate (Hardness Test)
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Rezultatele Testului de zgariere (Scratch Test)
Pentru probele noi realizate –cu COF optimizat
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Rezultatele testului de Zgariere (ScratchTest) – Probele 15 - 19
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Rezultatele testului de Zgariere (ScratchTest) – Proba 17
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Rezultatele testului de Zgariere (ScratchTest) – Proba 4
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Concluzii

In aceasta Faza s-au realizat straturi subtiri multicomponent din 2 Grupe Principale
de materiale Ti, TiB2, WC, WS2 , respectiv TiN, TiB2, B4C, WS2 in vederea obtinerii
unor suprafete cu coeficient de frecare cat mai scazut

In Partea I a fazei s-a obtinut doar pentru Grupa Principala 1 de materiale un 
coeficent de frecare foarte scazut (0,147)

In Partea a II-a s-a urmarit obtinerea unui coefficient de frecare/CoF cat mai mic si
pentru Grupa Principala 2 de materiale prin optimizarea parametrilor tehnologici de 
depunere si astfel s-a masurat o valoare medie de 0,180 la proba 17, pe intreaga
durata a probei (lungime de alunecare

Duritatea cea mai ridicata s-a obtinut pentru suprafetele depuse cu materiale din 
Grupa Principala 2 (B4C) iar prin optimizare s-a urmarit imbunatatirea doar a COF 
si a coeficientului de uzura/k (paramertii determinant pentru acoperirile tribologice) 
nu si a duritatii.

Valorile COF si k pentru acoperirile tribologice pot fi previzionate sumar prin
alegerea materialelor de depunere, dar valorile exacte ale acestora si comportarea
in diverse conditii de temperatura, umiditate si sarcina de lucru, trebuie verificata.
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