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Unavové kfivky napéti

(stress-life curves...... S-N curves)



Historie unavy materialu

= 19. stoleti = rozvoj technického poznani = rozsSifeni moznosti vyuziti
oceli a kovovych materiall v bézné praxi.

= Rozvoj zelezniCni dopravy = parni lokomotiva Mr. G. Stephenson 1829

= Stavebnictvi (mosty a nosné konstrukce) = Eiffelova véz 1889.

= Rozvoj lodni dopravy

-~

Vyrazny technicky pokrok = rostouci pocet havarii — lomy konstrukci

Lomy os zeleznicnich soukoli (konec 19 st.)
August Wohler (1819-1914)
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Unavova kfivka napéti:

S-N krivka, Wohlerova krivka

Stress, 4
Ferrous alloys and titanium
Fatigue limit
Nonferrous alloys

Fatigue strength
at N cycles |

I I I [ll I I b

10°  10° 107 10%  10°

Cycles to failure o \

. '
Cpc b e, W

www.ncode.com

Figure 8 5-N curves with and without fatigue limits {schematic)



Unavova kfivka napéti:

S-N krivka, Wohlerova krivka
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* fizeni sily, napéti — mékké zatézovani

* R=konst., or o,,=konst. Dnes vime:
*Mez unavy (Enduramce limit, Fatigue limit) o, mez Unavy neexistuje —
» Pravdépodobnost poruchy P [%] Chapeite ji jako ,smluvni mez*
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MIL-HDBK-5J
31 January 2003

EERREH IR EEE PLUN. 2024-T4 KT=1,0
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Figure 3.2.3.1.8(a). Best-fit S/N curves for unnotched 2024-T4 aluminum alloy,
various wrought products, longitudinal direction.



Unavova kfivka napéti:

Oblasti unavové pevnosti a zivotnosti

R kvazistaticka | nizkocyklova vysokocyklova
m = e e - =
pevnost unava unava
oblast |
R, =
iis Z1votnost
g i omizenél .neem_t_a_zené,
]
= B
§>D. \--'E-—
3
Oc %'
= N
s
1/4 10 10° 100 100 100 10° 100 10°



Oblasti unavové pevnosti a zivotnosti

Kvazi-staticka pevnost (N<102 cykll)
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Hlavni faktory ovlivnujici unavovy
proces, faze unavového procesu

Hlavni faktory

geometrické vruby ||technologické spoje

nekovové materialy
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Odhad meze unavy
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Wohlerova krivka — popis sikmeé casti

mocninny tvar - logo¥N =logC =
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Oa [M Pa]
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mocninny tvar - logo¥N =logC =

> logoy +logN=logC = wlogo, +logN=logC =
= wlogo, +logN =K

10

100

N [1]

1000

10000

100000

m&’g&

Nk  Ne

‘kfehky materidl

B
Ifi:smie?rn‘?rﬂp : 11:'_:_

ol 3 &4 5 6 R
3

Zévisloat exponentu Wihlerowy
kfivky na poméru meze kluzu k
mezi dnavy (hodnoty R.,&; wvolit
podle druhu neamdhéni - tah, 13
ohyb, krut)



Oa [M Pa]

Wohlerova krivka — popis sikmeé casti
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Ca [MPa]

Wohlerova krivka — dalsi modely

900

Weibulluv:

800

700 \ _

600 N

500 \

AN Kohoutuv—-Véchetuv:

300

200

100

0
1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09

N [1]

15



Dalsi odhady meze unavy

Vyhodnocovand | Vztah pro mez unavy pri R=-1 | Koeficienty a podminky | Autor
velicina (pravdépodobnost poruchy platnosti

P=50%) [MPa]
mez pevnosti R, | 0:;=0,432 -R,,+2,2 konstrukéni oceli Buch
[MPa] 0.,=0,46 R, oceli do R,, =1400 MPa Zukov

1 ocelido R,, =1200 az 1800 | Ponomarjev

o. 1= g R,,+400 MPa

7.;=0,27 R, oceli R,, <1200 Zukov

7.;=0,249 R, +2.5 konstrukéni oceli Buch
mez kluzu 0.,=0,452 R.+94 konstrukcni oceli Buch
v tahu R. a krutu 0.,=0,45 R, +122 konstruk¢ni oceli Zukov
-7 [MPa] ’

7,=0,448 - 7,+52 konstrukéni oceli Buch
skuteCna lomova | 6:,=0,35- 0;—10 konstrukéni oceli Zukov
pevnost oy - . konstrukéni oceli Mc-Adam
[MPa] 0.;=0,315- or-19
tvrdost HB 0.;=(0,128...0,156)-HB uhlikové oceli Grebenik
[MPa] 0.,=(0,168...0,222)-HB legované oceli Grebenik
meze Ry, , R. 0.1=0,285-(R.+ R, konstrukéni oceli Saposnikov

[MPa]
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Jaké informace uvadeét k Unavovym
krivkam- co ovlivauje unavu?

Velikost amplitudy napeti
Asymetrie kmitu (stfedni napéti)
Typ zatézovani (tah-tlak, ohyb, krut, kombinace)
Pretezovaci kmity — Frenchova Cara poskozeni
Material a jeho teplotni zpracovani
Tvar vzorku (hladky, s vrubem)
Koncentrace a gradient napéti
Jakost povrchu vzorku (leStény, obrabény ...)
Uprava povrchové vrstvy (povrch kaleny, nitridovany...)
Teplota vzorku
Pracovni prostredi (vzduch, korozni prostredi...)
Frekvence zkousSeni
Typ stroje, prubéh zkousky (prestavky a;j.)
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Druhotné tnavové kiivky (CSN420362)

Zkouéky pFi rt‘]znych tvarech a Form des Amplitudenkollektivs
velikostech amplitud
zatézovacich spekter
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Schwingspielzahl N fir Py = 90%

http://www.ski-consult.de/1/berechnungen/lebensdauer-
ermuedung/betriebsfestigkeit.html
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Vliv velikosti a jakosti povrchu

19



[1]
,
,A

tel velikosti :

soudéini

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Vliv velikosti soucasti (size)— kg v

oceli I

i,

£

/

A\

Rm=400 az 580
Rm=700 az 710
lita ocel

Rm=820 az 860
Rm=850 az 910
Rm=890 az 1000
— Rm=890 az 1000 aproximace
—=—m=-0.03
——m=-0.04
——m=-0.05
——m=-0.06

= m=-0,068

X XpHe

N

17
I/

o

100

200

300

400 500 600
priamér hridele D [mm)]

700 800 900 1000

T3 20



Vliv jakosti obrobeni povrchu (surtace)- kge 77
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Vliv technologie Uprav povrchu (technology)- kK1 &

Steel I
Chemo-thermal treatments |
Nitriding 1,10 - 1,15 1,30 - 2,00
Depth of case 0,1..04mm } (] 15 -1,25) | (1,90 - 3,00)
Surface hardness
| 700 to 1000 HV 10
Case hardening 1,10 - 1,50 1,20 - 2,00
Depth of case 0,2 ... 0,8 mm (1,20 - 2,00) | (1,50 -2,50)
Surface hardness
670 to TS0 HV 10
Carbo-nitriding
Depth of case 0,2 ... 0,8 mm (]_,3[})

Surface hardness
670 to TS50 HV 10

Mechanical treatment

Cold rolling 1,10 - 1,25 1,30 - 1,80
(1,20 - 1,40) | (1,50 - 2,20)
Shot peening 1,10 - 1,20 1,10 - 1,50

(1,10 - 1,30)

(1,40 - 2,50)

Thermal treatment

51 to 64 HRC

Inductive hardening (:,gg : i,ég) (},zg : g,;g)
Flame-hardening ) , , ,
Depth of case 0,9 ... 1,5 mm
Surface hardness 27




Mez unavy realného dilu

— potfebna pro dimenzovani na neomezenou zivotnost (trvalou pevnost)

Soucinitel vrubu K, resp S bude vysvétlen nasledovné

23



Koncentrace napeti

24



Koncentrace napéti —
soucinitel tvaru

N Soucinitel tvaru
1 (soucinitel koncentrace
max elaStiCkyCh napéti)

(o)

Pomérny gradient
(gradient normovany maximalnim
elastickym napétim)

= Point of maximum stress

http://www.amesweb.info/StressConcentrationFactor/ -

StressConcentrationFactors.aspx




Urcovani pole napeéti, koncentrace napeti

Analytické pristupy — jednoduché vruby, (vzorce - Neuber aj.)

Numerické metody (MKP, MHP aj.)

Experimentalni metody

— Odporova tenzometrie (vliv velikosti tenzometru)
— Opticka vldakna s FBG snimaci lokalni deformace
— Fotoelasticimetrie (transparentni, reflexni)

— Optické metody (DIC — digitalni korelace obrazu)
— Termografické metody (SPATE)

— adalsi......

Zpracovavano do katalogu typickych vrubU: napf.:
Peterson's Stress Concentration Factors, 3rd Edition

Walter D. Pilkey, Deborah F. Pilkey

ISBN: 978-0-470-04824-5

560 pages

February 2008

Stress
Corcentration
Factors

Waler [ Pilkey

Diebarah F. Pilley

1 ™ T S—
i :\ . e -E.‘-_-I-'-ﬁ.

«pithl




FKM Richtlinie

https://www.amazon.de/Rechnerischer-Festigkeitsnachweis-f%C3%BCr-Maschinenbauteile-FKM-

Richtlinie/dp/3816306055
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Bild 5.2.2 Formzahlen fiir den Rundstab mit Umlauf-

kerbe bei Biegung, r > 0,d /D < 1.
1
Kip =1+ (5.2.4)

r r r
0,20:~+5,5-—+(1+2-—
t d [ d)

04 05 06 07 OB 08 1
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Bild 5.2.4 Formzahlen fir den Rundstab mit Absatz
bei Zugdruck, r > 0,d /D < 1.

Koo =1+ 1 (5.2.6)
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0,62~ +7-—-| 142~
t d[ d]
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Koncentrace napéti
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Stress Concentration Factor Finder

Round Bar with U-shaped Groove

Tension i Bending h § Torsion . Variables Results
K =219
o
D2 [lmm ] Peterson Plot
d |42 mm
rs IM “FW
5 T T T T T
where O/d = 1.5
D-d = 05" O/d = 1.1
D-d = 100%r 45 O/d = 1.05
[ Calculate Kt ] [ Select Different Geometry ]
4 b
3.5
fed 3
2.5
ok
1.5
1
0 0.05 0.1 0.15 0.2 0.25 0.3

https://www.efatique.com/constantamplitude/stressconcentration/#a
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* Urceni soucinitele tvaru pro realné soucasti
— Definice nominalniho prifezu a napéti
— Vliv MKP sité, submodeling

Values of Mises stresses
Min. 1.34 MPa

= | Min. 1.33 MPa
Max, 260 MPa

) First submodel b) Second submodel

30



Uéinek koncentrace napéti na inavu —

soucinitel vrubu

Complete model with depicted Mises stresses
Min. 1.28 MPa

Maix. 257 MPa

Positions of the real maximum (236 MPa)

Souéinitel tvaru K, =a = Gmax
ve e O
Soucinitel viubu K, =8= Gf
C

Poéet kmiti N [1]

o 700
=,
2 600
©
c
S
= 500 %
2 \\\
€ \ A
< 400 \
\\\ i
300 AN \\ -
\\
/—Gnom [ —
O Gc
\
100 o c=0clp
0 N | |
1E+03 1E+04 1E+05 1E+06 1,E+07 1E+08
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Mez unavy realného dilu — pripomenuti

Soucinitel vrubu K, resp g bude vysvétlen pozdéji

32



Odhad souciniteltu vrubu

Pomérny gradient napéti ) = —(
(o2

A fy

I Dyl b
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/4
i,

1 (0o

: j
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Oox

Souc. vruboveé citlivosti

,B 1 _

Gf_gno

e

K, -1

q= 1
O- o GI’IOWI a

max

Kt—l

Vztah mezi souciniteli tvaru a vrubu

K
Kf:1+(Kt—1)-q:n—’

Soucinitel vlivu unavy

Kt
n =
Kf
dvojipojeti 1= f(,O, )E

n=f(7.R,



Soucinitel vrubu B, vrubova citlivost q
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34



Ruzna vyjadreni soucinitele vrubu

Soucinitel vrubu Soucinitel vlivu tinavy
nzf(p,Rm)Enp

K
n 1+(K,~1)-¢q
Neub K -1 K 1+\/Z
et "o~ A
_|_ -
K, +
P p
K :1+Kt_1 Kt(1+Ktaj
Peterson / a P
1+_ np_ a
P K, +—
Jo,

H d K= K —1
CYWO0O0 I 7 _ !
y 1+2Kf_1\/67 n,=1+2— 4 35

¢ P ; p



Existuji i vyjadreni s vlivem gradientu

(informacné)
n :_f(y/,Rm)E n,
Volejnik, Kogaev, L
Serensen ", Z“(i_lj' 2%
2
d,

Eichlseder (FEMFAT) » =1+[JU’ _1].( V ]

Siebel, Stiller n,=l+4c-y
FKM-Richtlinie

7' <0,lmm™ 0dmm ™" <y’ <lmm™ Imm™ <y’ <100mm™

R R
ag—0,5+—" ag+—"+

n7=1+7’-10( ) n7:1+\/7.10[ 3 n, =1+ '.10[%%



Teorie kriticke vzdalenosti (orientacne)

ZjednodusSuje metodu kritického objemu na jednorozmérny problém.

Teorém: Iniciace trhliny ve vrubu zapoCne v okamziku, kdy srovnavaci

hodnota (Sig HMH, Sig1, PoSkozovaci parametr P)

dosahne meze unavy:

o Bodova metoda (krit. hloubka Lc)

v dané kritické hloubce

o Liniova methoda (uvazuje integralni hodnotu z prubéhu napéti ve vrubu do

vzdalenosti L,

I
/ LC
‘ Bodova
metoda

metoda




Odhad unavovych krivek vrubovanych dilu

Vyhodnocované veli¢iny na mezi inavy

o)

— — max
Soudinitel tvaru K, =a >
nom
o . O-C
Soucinitel vrubu K = H=—
o
C

. : .., 1 (0o
Pomérny gradlent napett y=— L
o\ ox o

Complete model with depicted Mises stresses

Min. 1.28 MPa

Maxx. 257 MPa

Poéet kmitd N [1]

& 700 1"
=,
:13 ns of the real maximum (236 MPa)
o 600
©
c
3
=
3 N
< 400 \\\
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300 \ \\ K:.o
\ \\ +oC
/_ Onom \ \--
Ll > p
\\ C
—
100 .
o c=oc/Ks
0 N | |
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Aproximace S-N kiivek vzorkli
pro ruznou vrubovitost a gradient

material ocel 300M , Rm=2000 MPa AprOXimace S-N kfivek VZOrkﬁ
R=-1 . .
v X LTI pro riznou vrubovitost a gradient
700 \\ ——alfa=2,0..katalog

——alfa=3,0..katalog

N1 S K, y(N)=1+(K, ~1)u(N)

/I

——alfa=3,0..vypocet

‘©
o
E. R \ \\\ ——alfa=5,0..vypocet
= 300 N 2 (1 N)E
® \ N ~~—L 2 = z
c \ N
@ 100 AN\ }\ B+(10gN)
-g \\ \\
s \ \\ N Ll
2 300 N IS ,
£ N Ny Heywood (E, B —regresni parametry)
N N T T
200 N ~~
N =il 7
\\x\\\ ——
100 T~
0
10E+04  1.0E+05  1.0E+06  1.0E+07  1.0E+08 39
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Tvorba syntetickych unavovych krivek pro obecnou
vrubovitost a gradient

Amplituda napéti [MPa]

material ocel 300M , Rm=2000 MPa
R=-1 material ocel 300M , Rm=2000 MPa
800 alfa gama alfa gama R=-1
—1.000.00
——1.751.35 55 —1,751,35
——2.001.94 2,00 1,94
700 2.252.59 2,25 2,59 - —
\ 3 —2.503.31 —2,50 3,31 L
—3.004.98 5 - —3,00 4,98 =
\ ——3.50 6.94 —_ —3,506,94 7 L
600 —4.009.22 = 400922 ai —
——4.5011.80 ~ —— 4,50 11,80 T
.i\ 5.00 14.71 e | ' ' L
4,5 ——5,00 14,71 =
\ N o e — 5,50 17,89 g N
\ | 3 e L
500 = ——
Ny [l
> 4
\.iii; >
\ [
\ b=~
400 \\ = _ P
0 35 HH
NI MV Ke(N) |
\ > Rl
\ \ N || f 1L
300 | ==
N ~ ] M
\\ [~ \\\\\s\ 3 / ///
N Ry T / L R
N N L P
200 N SN \~ ] /// L
\\\\\\\\\\ |
R e R i —— 2,5
S 1] L
] T -
100 e —
2
0 — e N
1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08 15
Pocet kmitti N 1,0E+04 Pocet kmitd N 1,0E+08
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Priklad

Zadani problému:

Osa dvojkoli

WX, 14326

136841 Material: slitinova ocel 24CrMo4,
" 3 Z ASTM 4130
/ [
Bod A v misté potencionalni trhliny
A
1T 1 — ¢ Tenzometrickda métfeni pom.
ﬁ B e = = e e prodlouZeni v bodé A
A r
l i - %
. .
% | £, ma =312 [microstrain |
%E 135
g8 41




Priklad

Steel 4130, Q&T. BHM = 366

Ultimate Strength Fatigue Limit Fatigue Limit
(Sy) in MPa (SFL) in MPa (NFL) in Cycles
| 1358 | | | 440 |
Stress Life Curve Intercept Stress Life Curve Slope Elastic Modulus
(S¢') in MPa (b) (E) in MPa
| 1570 | | -0.076 | 221000 |

o. =440 [MPa]
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Priklad

Restrictions

0.01 « d/D AND 0.1 < =/ (D-d) < 5

Load Tvpe |EBending E

Met Section Stress E

250

mm [v|

175

mm [w]

15

mm [w]

Hoe oot

75

mm [w]

Select a new Geometry

[ Ok J[ cancel |

a=K, =209
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Priklad

a=K, =195

Slgma_3¥

1z20.00
lsm.m@m
-EG.O080
~IU.000
Im.mmmm
—IB.00
—-E0.00

—-98.688

-120.0
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Priklad

a=K =195

,B:1+(a—l)-q=1+(2.0—1)-0.83:1.83

e T 600
4(Rn), %, (R0) Re H
1.0 . i I — e — smooth
§ R,,= 1300 MPa 0.9 3 s00
I 1200 —7 0.8 B \
0,9 ' [ ©
' / | *\ - = -notched
1000 @ “\
/ | Heertys ¥ @ 400 :
P L It L LT pe v, o e PP RT T 2 T
) - & | \
Al

| et
0,8 800 A 5 -
Vidam= N S

w 7 / 01 é s 'E : . ~
L — : > . \

0,5' / / V E ~~_.

2 / OFLN
3 / 4= Fo 7 (G )

04} / : 0
i &~ 1E+03  1E+04  1E+05  1,E+06  1E+07  1,E+08
; / fp=1e(d-1)q . Number of cycles [1] 45

0|3 i e puEEEEE] ————————

3 4 5 @ [mm] 15

(=]
—_
%]



Priklad

UrCeni meze unavy v kritickém misté

~ 440-0.67-0.70

1.83

=112.8 [MPa]

soucinitel k value

loading k, 1.00
surface finish Ksr 0.67
size factor kg 0.70
size factor kT 1.00
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Priklad - pokraCovani

UrCeni amplitudy napéti na rotujici ose

A

Tenzometrickd méfeni pom. prodlouzeni v
bod¢ A:

AR
A

v

o,=E-£=206850-0.000312 = 64.5 [MPa]
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Priklad

Urceni soucinitele bezpecCnosti k.

A

‘@ 600
o
=
o —— smooth
e
=
2 500
E .
£ \
© Ky - - -
o N\ notched
S 400 SN
i %
n J

A

A Y

. N

300 s \\
\
> \\
200 OFL
P
-

100 OFLN
>
>

0

1,E+03 1,E+04 1,E+05 1,E+06 1,E+07 1,E+08

"\

Number of cycles [1]

o., =112.8 [MPa]

o,=64.5

_Ocy

=
I

[MPa]

128 .

o

O-a

645
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