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MONOTONIC TENSION TEST AND
* STRESS-STRAIN BEHAVIOR

B Monotonic tension stress-strain properties are usually reported in
handbooks and are used in many specifications.

B Monotonic behavior is obtained from a tension test where a
specimen with circular or rectangular cross section within the
uniform gage length is subjected to a monotonically increasing
tensile force until it fractures.

B They are easy tests to perform and provide information that has
become conventionally accepted.

B However, their relation to fatigue behavior may be remote.
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

B Details of tension testing for
metallic materials are provided in
ASTM standard E8 or ESM.

B Monotonic uniaxial stress-strain
behavior can be based on O
"engineering" stress-strain or A Sl
"true" stress-strain relationships. lo I

\'v

Ll
, .5

= u n N " " ’
B The difference is in using original A &
versus instantaneous gage section A
dimensions.
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MONOTONIC TENSION TEST AND STRESS-
STRAIN BEHAVIOR

B The nominal engineering stress, S, in a uniaxial test
specimen is defined by:

P = axial force < P
A, = original cross sectional area A

B The true stress, o, is given by:

A = instantaneous cross-sectional area 5 — P i
A

The true stress in tension is larger than the engineering
stress since the cross-sectional area decreases during
loading.
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

B The engineering strain, ¢ is based on the original
gage length and is given by:
C(=1) Al

e

(0] 0

/ = instantaneous gage length
Al = the change in length of the original gage length /o.

B The true or natural strain, ¢ is based on the
instantaneous gage length and is given by:

dl dl

de == or g:jl_:m[l'_]

0
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

For small strains, less than
about 2 percent, the
"engineering" stress, S, is
approximately equal to the
"true" stress, o, and the
"engineering" strain, g, is
approximately equal to the
"true" strain, .

No distinction between
"engineering" and "true"
components is needed for these
small strains.

For larger strains the differences
become appreciable.

Stress, MPa(ksi)

(0[, Gf)

True stress—strain, o0—e

Engineering
stress—strain, S—e
/Expanded strain scale

- R 3
AO
A ‘ -

(@) () (0)

Strain
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

B A constant volume condition can be assumed such that

up to necking: A /= Ao lo. i i
Vo oy

B The following relationships can then be derived.

c=5(1+¢€ g:InA::In(1+e)

B These equations are valid up to necking which takes
place when the ultimate strength is reached.

B After necking plastic deformation becomes localized
and strain is no longer uniform throughout the gage
section.
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Properties obtained from monotonic

* tensile tests

E = modulus of elasticity, MPa e
Of, Gf

True stress—strain, o—e

S, = yield strength, MPa

Engineering
stress—strain, S—e

S, = ultimate tensile strength, MPa
= P,/ A0

/ Expanded strain scale

e
- ; .
b A ‘
(®)

(@)

oy = true fracture strength, MPa

Stress, MPa(ksi)

%0 RA = percent reduction in area
=100 (Ao—- A)/Ao

g = true fracture strain or ductility =
In (Ao/A) = In [100/(100 - %RA)]

Strain

% EL = percent elongation
=100 (/— lo)/ lo
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

|
B The true fracture strength, o, can be calculated from P/A-

B [t is usually corrected for necking, which causes a biaxial state of stress
at the neck surface and a triaxial state of stress at the neck interior.

B The Bridgman correction factor is used to compensate for ) =

triaxial state of stress and applies to cylindrical specimens. '
R
P. /A, D
O_f — min
(1+4R/D_ ) In(L+D_ /4R)

R = the radius of curvature of the neck
D... = the diameter of the cross-section in the thinnest part ot the neck.

B Materials with a brittle tensile behavior do not exhibit necking, and
therefore, do not require this correction factor.
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MONOTONIC TENSION TEST AND
* STRESS-STRAIN BEHAVIOR

W Values of S, S, and o, are indicators of material
strength.

B Values of %RA, %EL, and ¢-are indicators of material
ductility.

B Representative values of monotonic tensile material
properties are given in Tables A.1 and A.2 for selected
engineering alloys.
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Matenal

Process Description Hardness S, S, °%El YaRA R
MPa(ksi) MPadksi) MPa(ksi)

Steeis " S, based on 10° to 10° cycies to failure
1020 Annealed 111H8 393(57) 296(43) 36 56 138(20)
1020 Hot Rolled 143HB 448(65) 331(65) 36 59 241(35)
1040 Annealed 149HB S517(75) 3I51(51) 30 57 269(39)
1050 Annealed 187HB 634(92) 365(53) 24 40 365(53)
4130 Normalized 197HB B888(37) 434(63) 26 80 324(47)
4130 WQAaT 650C 245HB 809(118) 703¢102) 22 64 489(71)
4140 OQA&T 850C 285HB 758(110) B855(95) 18 53 420(61)
4140 OQ&a&T 540C 358HB 1137(165) 985(143) 15 S0 455(68)
4340 OQA&T 540C 38048 1261(183) 1171(3170) 14 s2 s68(97)
4340 OQA&T 425C 430HB 1530(222) 1378(200) 12 47 488(58)
5140 OQ&T S40C 31148 1088(155) 923(134) 17 53 6820(S0)
5140 OQ&T 425C 3I75HB 1309(1380) 1164(169) 12 42 s565(82)
8840 OQ&T S40C 33148 1068(155) S44(137) 17 56 S37(78)
HY-140 Q&T S40C 34Rc 1027(149) S78(142) 20 &5 482(70)
H-11 Q&a&T 5Z2Rc 1791(280) 1447(210) E 52 534(92)
300M Q&T 280C S2Rc 1791(260) 1585(230) 12 37 S520(S0)
DB8AC Q&T 260C S4Rc 1998(290) 1722(250) =) 36 689(100)
SNi<4Co-25 T S40C 36Rc 1378(200) 1309(1S0) 17 70 758¢(110)
oONi-<4Co-45 T 31SC 48Rc 1929(280) 1757(255) s 3s 812{90)
18Ni 200 marage Aged 480C 43Rc 1550(225) 1481(215) 11 55 88S({100)
18Ni 250 marage VM Aged 480C SORc 1764(258) 1633(237) 11 62 689(100)
18Ni 200 marage VM Aged 430C S5Rc 1984(288) 1822(279) 7 50 758(110)
18Ni 350 marage VM Aged 480C S59Rc 2425(352) 2377(3495) 8 44 758(110)
302 Annealed 80Rb B540(93) 276(40) 68 8S 234(34)
302 CR 40% 35Rc 1040{151) 909(132) 13 8 S17(75).
304 Annealed 80RbL 599(87) 234(34) 57 57 241(35)
304 CW 10% 10Rc 875(28) 482(70) 35 41360
304 CW 40% 35Rc 1006(146) S30(135) 12 634(92)
316 Annealed 77Rb S86(85) 262(38) 51 &7 269(39)
<03 Annealed 155HB S17(7S) 310(45) 30 70 276(40)
403 T 850C S7TRb 758(11%) =85(85) 23 65 3I7SHSS)
Aluminum Alloys® S, based on Sx10° cycles to faiiure
1100-0 Anneated 23HB S0(13) 35(5) 45 35(5)
2014-T6 Sol. Treatl Aged 13548 482(70) 413(80) 13 124(18)
2024-T3 Sol. Treat CW Aged 120H8B 482(70) 345(50) 18 138(20)
2024-74 Sol. Treat Aged 120H8 4658(838) 324(47) 19 138(20)
2219-T851 Sol. Treat CW Aged 455(66) 351(51) 10 103(15)
3003-+H16 Strain Hardened a7HB 179(26) 172(25) 14 89(10)
3004-H36 Strain Hardened 70HB 262(38) 227(33) = 110(16)
6061-T4 Sol. Treat Aged ss5HB 242(35) 145(21) 25 o6(14)
7075-T6 Sol. Treat Aged 150 HB 572(83) S03(73) 11 158(23)
Others
= % Anneaied 520(75) 330(52)
Ti-SAI-4V" 1190(172) 1090(158) 365(53)
Copper” Annealed 235(34) 75(11) 75(11)
B80/40 Brass® Annealed 315(46) 95(14) 85(12)
Phospher SBronze® Anneaied 240(49) 1S50(22) 170(25)

* Incompiete mformation on surface finish. These values do not represent design fatigue himits
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able A. tonic, Cycli Strain-life Properties of Selected Engi loys*"
S. E S/S, K/K' afdoy
Process MPa GPa MPa MPa MPa
Material Description  (ksi) HB  (ksi-I 0') %RA (ks1) (ksi) nn' edef (ksi) b c
Steel
1010 HR sheet 331 — 203 80 200/— 534/867 0.185/0.244 1.63/0.104 —/499 0100 0408
(48) (29.5) (29) — (78)/(126) —72)
1020 HR sheet 441 109 203 62 262/— 738/1962 0.190/0.321 0.96/0.337 —/1384 -0.156  -0.485
(64) (29.5) (38) — (107)/(284) —/(201)
1038°  Normalized 582 163 201 54 331342 1106/1340 0.259/0.220 0.77/0.309 898/1043 -0.107  -0.481
(84) (29.5) (48)/(50) (160)/(195) (130)/(151)
1038° Q&T 649 195 219 67 410/364 1183/1330 0.221/0.208 1.10/0.255 1197/1009 -0.097  -0.460
(94) (31.5) (60)/(53) (172)/(193) (174)/(146)
Man-Ten  HR sheet 510 — 207 393/372 —/786 0.20/0.11 1.02/0.86 814/807 -0.071 -0.65
(74) (30) (57)/(54) —I(114) (118)/(117)
RQC-100  HRsheet 931 290 207 64 883/600 1172/1434 0.06/0.14 1.02/0.66 1330/1240 -0.07 -0.69
(135) (30) (128)/(87) (170)/(208) (193)/(180)
1045 Annealed 752 225 - 44 517/— —{ 1022 ~—{0.152 0.58/0.486 —916 0,079 -0.520
(109) - (75)— —{(148) —/(133)
1045 Q&T 1827 500 207 51 1689/— {3371 0,047/0.145 0.71/0.196 —{2661 -0,093 .643
(265) (30) (245) — —/(489) —/(386)
1090°  Normalized 1090 259 203 14 735/545 176571611 0.158/0.174 0.15/0.250 —/1310 -0.091 0.496
(158) (29.5) (1071(79) (256)/(234) —/(190)
1090° Q&T 1147 309 217 22 650/627 1895/1873 0.165/0.176  0.24/0.700 —/1878 -0.120  -0.600
(166) (31.5) (94)/(91) (275)(272) —/(273)
1141¢ Normalized 789 229 220 47 493/481 1379/1441 0.187/0.177  0.64/0.602 11171326 -0.103  -0.581
(115) (32) (72)/(70) (200)/(209) (162)/(192)
1141° Q&T 925 2717 227 59 814/591 1205/1277 0.074/0.124 0.88/0.309 1405/1127 -0.066 -0.514
(134) (33) (118)/(86) (125)/(185) (204)/(164)
4142 Q&T 1413 380 207 48 1378/— —{2266 0.051/0.124 0.65/0.637 —2143 -0.094 -0.761
(205) (30) (200)/— —/(387) —{(311)
4142 Q&T 1929 475 207 35 1722/— —12399 0.048/0.094 0.43/0.331 —2161 -0.081 -0.854
(280) (30) (250)/— —/(348) —/(314)
4340 HR 827 243 193 43 634/— —/1337 —/0.168 0.57/0.522 —/1198 -0.095 0.563
(120) (28) (92)/— —/(194) —(174)
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MONOTONIC TENSION TEST AND
* STRESS-STRAIN BEHAVIOR

B Indicators of energy absorption capacity of a material
are resilience and tensile toughness.

B Resilience is the elastic energy absorbed by the specimen and is
equal to the area under the elastic portion of the stress-strain curve.

B Tensile toughness is the total energy density or energy per unit
volume absorbed during deformation (up to fracture) and is equal to
the total area under the engineering stress-strain curve.

Stress

N

Strain
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A material with high tensile toughness with a good combination
* of both high strength and ductility is often desirable.

Stress
high strength

tough

ductile

Strain

T . L viRs iy of
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B Inelastic or plastic strain
results in permanent
deformation which is not
recovered upon unloading.

Stress

B The unloading curve is
elastic and parallel to the
initial elastic loading line.

B The total strain, ¢, is

composed of two g * & =0/
components, t a

B an elastic strain, ¢, = o /£
and
W a plastic component, &,

Strain

E=E+6
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B For many metals, a plot of true stress versus true plastic strain
in log-log coordinates results in a linear curve.

B An example of such a plot is shown for AISI 11V41 steel.

B To avoid necking influence, only data between the yield strength and
ultimate strength portions of the stress-strain curve are used to
generate this plot.

B This curve is represented by the power function: o= K(s,)"

1000
£
@ 800 L
B |
= o=K(5)

600 K = 1549 MPa

n=0.193
500 P IO | A & s " L o
0.005 0.010 0.020 0.040 0.060 0.10

True plastic strain
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|
o= K(s,)"
K is the strength coefficient (stress intercept at ¢, = 1)
n /s the strain hardening exponent (slope of the line).

B /he total true strain is given by:

1/n

B This type of true stress-true strain relationship is often referred to as
the Ramberg-Osgood relationship.

B Value of n gives a measure of the material’s work hardening
behavior.

B K and n for some engineering alloys are also given in Table A.2.
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able A. tonic, Cyclic, and Strain-life Properties of Selected Enginee lloys"™

S, E 5/, K/K' adoy
Process MPa GPa MPa MPa MPa

Material  Description (ksi) HB  (ksi-10") %RA  (ksi) (ksi) n/n' edef (ksi) b ¢

Steel

1010 HR sheet 331  — 203 80 200/— 5341867 0.185/0.244  1.63/0.104 —1499 0.100  -0.408
(48) (29.5) (29) — (78)/(126) —{(72)

1020 HR sheet 441 109 203 62 262/— 738/1962 0.190/0.321  0.96/0.337 —/1384 0156 -0.485
(64) (29.5) (38) — (107)/(284) —/(201)

1038°  Normalized 582 163 201 54 331342 1106/1340  0.259/0220  0.77/0.309 898/1043 0107 -0.481
(84) (29.5) (48)/(50) (160)/(195) (130)(151)

1038° Q&T 649 195 219 67 410364 1183/1330  0.221/0.208  1.10/0.255 1197/1009  -0.097  -0.460
(94) (31.5) (60)/(53) (172)/(193) (174)/(146)

Man-Ten  HRsheet 510 — 207 64 393372 —/786 0.20/0.11 1.02/0.86 814/807 0071 -0.65
(74) (30) (57)/(54) —I(114) (118)(117)

RQC-100  HRsheet 931 290 207 64  883/600 1172/1434 0.06/0.14 1.02/0.66 1330/1240 007 069
(135) (30) (128)/(87)  (170)/(208) (193)/(180)

1045 Annealed 752 225 — 44 517/— —1022 —{0.152 0.58/0.486 —1916 0079 -0.520
(109) — (75)/— —I(148) —/(133)

1045 Q&T 1827 500 207 51 1689/— {3371 0.047/0.145  0.71/0.196 —12661 0,093 0643
(265) (30) (245)/ — —1(489) —/(386)

1090°  Normalized 1090 259 203 14 735/545 1765/1611 0.158/0.174  0.15/0.250 —/1310 0.091  -0.496
(158) (29.5) (107)(79)  (256)/(234) —/(190)

1090° Q&T 1147 309 217 22 650/627 1895/1873  0.165/0.176  0.24/0.700 —/1878 0120 -0.600
(166) (31.5) (94)/(91) (275)/(272) —1(273)

1141°  Normalized 789 229 220 47 493/48) 1379/1441 0.187/0.177  0.64/0.602 11171326 -0.103  -0.58)
(115) (32) (72)/(70) (200)/(209) (162)/(192)

1141 Q&T 925 2M 227 59 Bl4/591 120511277 0.074/0.124  0.88/0.309 1405/1127  -0.066  -0.514
(134) (33) (118)/(86)  (125)/(185) (204)/(164)

4142 Q&T 1413 380 207 48  1378/— —12266 0.051/0.124  0.65/0.637 —12143 0094 -0.761
(205) (30) (200)/— —/(387) —(311)

4142 Q&T 1929 475 207 5 1122 —12399 0.048/0.094  0.43/0.331 —12161 0081  -0.854
(280) (30) (250)/— —/(348) —/(314)

4340 HR 827 243 193 43 634/— —1337 —10.168 0.57/0.522 —/1198 0.095  -0.563
(120) (28) (92)/— —1(194) —I(174)
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MONOTONIC TENSION TEST AND
STRESS-STRAIN BEHAVIOR

B Stress-strain behavior of a material can be
sensitive to the strain rate, particularly at
elevated temperatures.

B A significant increase in the strain rate generally
increases strength but reduces ductility of the
material.

B For metals and alloys, however, the strain rate
effect can be small at room temperature.
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STRAIN-CONTROLLED
TEST METHODS
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* STRAIN-CONTROLLED TEST METHODS

B An important aspect of the fatigue process is plastic
deformation. Fatigue cracks usually nucleate from plastic
straining in localized regions.

B Therefore, cyclic strain-controlled tests can better
characterize fatigue behavior of a material than cyclic
stress-controlled tests, particularly in the low cycle fatigue
region and/or in notched members.

B Strain-controlled fatigue testing has become very common,
even though the testing equipment and control are more
complicated than the traditional load or stress-controlled
testing.
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* STRAIN-CONTROLLED TEST METHODS

B Strain-controlled testing is usually conducted on a servo-
controlled closed-loop testing machine.
B A uniform gage section smooth specimen is subjected to axial
straining.
B An extensometer is attached to the uniform gage length to control
and measure strain over the gage section.

B A standard strain-controlled test consists of constant amplitude

completely reversed straining at a constant or nearly constant strain
rate.

B The most common strain-time control signals used are triangular
(sawtooth) and sinusoidal waveforms.

B Stress response generally changes with continued cycling. Stress and
plastic strain variations are usually recorded periodically throughout
the test and cycling is continued until fatigue failure occurs.

B ASTM Standard E606: Strain-Controlled Fatigue Testing.
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* STRAIN-CONTROLLED TEST METHODS

B An important consideration in axial fatigue testing is
uniformity of stress and strains in the specimen gage
section.

B A major source of non-uniformity of gage section stress
and strains is a bending moment resulting from
specimen misalignment that can significantly shorten
the fatigue life. Specimen misalignment can result from:

W eccentricity and/or tilt in the load-train components (including
load cell, grips, and load actuator),

B improper specimen gripping,
W lateral movement of the load-train components during the
test due to their inadequate stiffness.
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CYCLIC DEFORMATION AND
STRESS-STRAIN BEHAVIOR




CYCLIC DEFORMATION AND
B STRESS-STRAIN BEHAVIOR

B The stress-strain behavior obtained from a monotonic test can be
quite different from that obtained under cyclic loading.

B This was first observed by Bauschinger. His experiments indicated
the yield strength in tension or compression was reduced after
applying a load of the opposite sign that caused inelastic deformation.

o
Siliac
B Thus, one single o
reversal of inelastic : —
. Strain 0
strain can change
the stress-strain - A
behavior of metals. —1-s

(@) ® (©

Figure 54 Bauschinger effect. (a) Tension loading. (b) Compression loading.
(c) Tension loading followed by compression loading.
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CYCLIC DEFORMATION AND
M STRESS-STRAIN BEHAVIOR

WM Stress-strain curves during cyclic strain-controlled testing of copper:
m (a) fully annealed condition,
m (b) partially annealed condition, and
m (c) cold-worked condition.
B The area within a hysteresis loop is energy dissipated during a cycle (usually in the form
of heating). This energy represents the plastic work from the cycle.

B Appreciable progressive change in stress-strain behavior during inelastic cycling.

. A ”30078
Ae = 0.0084 e = 0.
2N; -‘8060 reversals 2N1 = 4400 reversals

6 ksi (35 MPa)
0.(!)“t
(c)

§ Ae = 0.0099
2N; = 2000 reversals

2nd. 4th
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(b)
—3rd

(a)
Ae = 0,0078

~ Ae = 0,0084
2Nr = 8060 reversals 2Nr = 4400 reversals

————— 13rd

———

——— ——

| 1st reversal

——
o G o= & ¢

—
-——-.—--"’

—== 5 ksi (35 MPa)

T

0.001+

: Ae = 0.0099
2N; = 2000 reversals

2nd. 4th
n-controlled axial loads. (¢) Fully annealed, showing cyclic hardening.

Figure 5.5 Stress-strain behavior of copper subjected to cyclic strai
(¢) Cold-worked, showing cyclic softening [8] (reprinted by permission

(b) Partially annealed, showing small cyclic hardening and softening.
of the American Society for Testing and Materials).
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! Fully Annealed Copper: Cyclic Hardening

— —
— a— —_#

-
————-———’

5 ksi (35 MPa)

' 140 "f‘
1100 : I] I
0.001-
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! Cold-Worked Copper: Cyclic Softening

1st, 5th
reversal

(35 MPa)

+ 774

101
1232—§
466 — [

2nd. 4th

/
/4/ 7’6 ksi (35 MPa)
v/ 1
/4
0.001
(c)
Ae = 0.0099

2N; = 2000 reversals
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Partially Annealed Copper:
* Cyclic hardening followed by cyclic softening

(b) Sl
Ae = 0.0078 e O
2Nr = 4400 reversals Z 14— 1st reversal
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CYCLIC DEFORMATION AND
STRESS-STRAIN BEHAVIOR

B The mechanisms of hardening and softening were
described in terms of dislocation substructure and motion
in Section 3.2.

B Changes in cyclic deformation behavior are more
Bronounced at the beginning of cyclic loading (transient
ehavior), but the material usually gradually stabilizes
(steady-state) with continued cycling.

B The extent and rate of cyclic hardening or
softening under strain-controlled testing conditions can
be evaluated by recording stress variation as a function
of cycles (Fig. 5.6).
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* Stress Variation as a Function of Cycles

\
JOW Wy B

(a) (b) ()

B Cyclic hardening indicates increased resistance to deformation.
B Cyclic softening indicates decreased resistance to deformation.
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- CYCLIC STRESS-STRAIN BEHAVIOR

o

B A hysteresis loop from about half
the fatigue life is often used to
represent the stable or steady-
state cyclic stress-strain
behavior of the material.

¢ Aeg=  total true strain range
Ao = true stress range
Ag,= true elastic strain range
= Ac/E
Ag, = true plastic strain range

Ao

Ao
Ae =Ae +Ae =Ag + —
p e p c

————————————————————————— — . ——————————————— ————

Bt S5 4
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B CYCLIC STRESS-STRAIN BEHAVIOR

B Even though true stress and strains are used in Figs.
5.6 and 5.7, no distinction is usually made between the
true and the engineering values, because:

B the differences between true and engineering values during the
tension and compression parts of the cycle are opposite to each
other, and therefore, cancel out,

W strain levels in cyclic loading applications are often small
(typically less than 2%), compared to strain levels in monotonic
loading.
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* CYCLIC STRESS-STRAIN BEHAVIOR

Cyclic
Monotonic

a
5
2]

Strain

2002, Izo ksi (140 MPa)

B A family of stabilized hysteresis loops at different strain amplitudes
is used to obtain the cyclic stress-strain curve of a material.

B The tips from the family of multiple loops can be connected to form the
cyclic stress-strain curve.

m This curve does not contain the monotonic upper and lower yield points.
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* CYCLIC STRESS-STRAIN BEHAVIOR

B Three methods commonly used to obtain the
cyclic stress-strain curve are:
B the companion test method
B the incremental step test method
B the multiple step test method

B Even though some differences exist between the
results from the three methods, they are small in
MOst cases.
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* COMPANION TEST METHOD

B Requires a series of test specimens, where each
specimen is subjected to a constant strain amplitude until
failure.

B Half-life or near half-life hysteresis loops from each
specimen and strain amplitude are used to obtain the
cyclic stress-strain curve.

B If the experimental program includes strain-controlled
fatigue tests, the cyclic stress-strain curve can be
obtained from the same fatigue data using the
companion method.
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! INCREMENTAL STEP METHOD

B A single specimen is subjected to repeated blocks of
incrementally increasing and decreasing strains.

B After the material has stabilized (usually after several strain

blocks), the hysteresis loops from half a stable block are then
used to obtain the cyclic stress-strain curve.

I
: 'n”' l'!! | u”'l

Strain (%)

P et S ey S
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* MULTIPLE STEP TEST METHOD

B It is similar to the incremental step test method, except rather than
incrementally increasing and decreasing strain in each block the strain
amplitude is kept constant.

B Once cyclic stability is reached at the constant strain amplitude, the

stable hysteresis loop is recorded and strain amplitude is increased to
a higher level.

B This process is repeated until sufficient number of stable hysteresis
loops are recorded to construct the cyclic stress-stain curve.

Strain or Load
| —
—
—
—
—
—
—
—

VT U
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CYCLIC STRESS-STRAIN BEHAVIOR

Cyclic and Monotonic Stress-strain Curves for Several Materials

s = | - B Cyclic softening exists if
oyelc sty o the cyclic curve is below
the monotonic curve.

Monotonic

Monotonic

T F [/~ Monotonic B Using monotonic
360 50 2024 - T4 7075-T6 Man—Ten Steel IDI‘OpertleS in a cyclic
i ki | | | | l | ading application for a
o5 cyclic softening material
1 in . can significantly
_ underestimate the extent
Monamonie - of plastic strain which
- - - = may exist.
Cyclic “Monotonic // Cyclic
4 B Cyclic hardening is
g | Fresent if the cyclic curve
e es above the monotonic
E4
(5320 Bm TI-81 Waspaloy A curve.

l |
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* CYCLIC STRESS-STRAIN BEHAVIOR

B Similar to the monotonic deformation in a tension test, a plot of true
stress amplitude, o, versus true plastic strain amplitude, 4¢,/2, in
log-log coordinates for most metals results in a linear curve which is
represented by the power function:

Agp "
o, =K’
2

K = cyclic strength coefficient,
" = cyclic strain hardening exponent

B The cyclic stress-strain equation represented by a Ramberg-Osgood
type relationship is then given by:
Ae Ae, Ae, Ac +(A0 ]UW o, (0' o

F = = + =
2 2 2 2E 2K'

a

N
E (K"
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EXAMPLE DATA AND PLOTS
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At radlife (N
Test Test As2 b2 Ao/l O Lot >
Spe;:)mn control | freq., E';? E'mO)Pc A2, % | (cakculsed), | (meswured). | MPa | MPa ?:'” * @Ndws . - F-ﬂm“
mode Hz - - (ot} (ad) wals reversals oGt
09-27 staiz | 0.20 2120 2268 1.985% 1.735% LR 5032 | -22.9 400 872 IGL
(30,744.1) | (32.389.1) 3.0 | (-33)
D9-is strain a0 205.2 2125 1.999% 1.733% 1.700% 5318 1.7 409 852 1GL
(29,760.3) | (30,8252) (77.1) 0.3
9.5 sram 0.20 206.8 198.7 L.997% L.T30% 1.7T08% 5336 -9 400 316 §GL
(29.991.3) | (383785) (77.4) | (0.7
D916 stran 0.50 205.2 196.7 02.991% 0.760% 0.743% 4509 60 1280 4240 1GL
(29.756.1) | (38.522.4) (66.8Y | (0.9}
DA Mmrain 050 07.2 1989 0.995% 0.76T% Q745 4544 0.8 1,710 3,740 IGL
(30.051.9) | (38.8420) 65.9) | 0.1y
D9-18 stras 0.50 2119 20206 0.997% 0.766% 0.757% 4599 6.5 1,660 3,350 iaL
(30.870.9) | 29.376.7) (66.7) 0.9}
D9-3 strain 253 2011 196.0 Q.596% 0.396% 0.382% 3¥8.6 a2 4,000 13,794 IGL
(29.166.1) | 28,424 57.8) | ©.0)
D98 strasn e 191 4 227 0.394% 0.388% 0.388% 4119 38 5,856 12336 GL
(27.764.6) | 32296.%) (39.77 | (0.5
D6 straun DN ¢ ) 977 2098 0.600% 0.206% 2357% 1876 i 4 6,026 11218 1GL
28.573.0) | 30.4834.0) (56.2 0.2)
D913 srais 23 2010 1925 0.339% 0.167% 0.162% 3417 0.4 <0000 62 442 IGL
29.182.13 | 27.935.1) 149 .5) 0.1)
D9-13 strais p A 214 2078 0.349% 0.179% 05i77% 3400 s.5 26,166 52.12% GL
30.615.1% | DO.L37.7) (49.3) (0.85)
D517 strain P 2140 088 Q340 0.175% 21T MNTE 3 B30 $3.403 IGL
71,0309 | 302767 (50.4) 0.3)
D910 sraie 3.0 2045 1942 0I91% 0.058% 0.065% 265.6 42 200,000 S82.794 IGL
219.664.1) | 28.183.7) 385) | (0.8)
D94 strain 3.0 203.7 1985 0.196% 0.C57% COTi% 3762 41 200.C00 391,020 plel
(29,545 (28.782.8) (20.1) (0.6)
D920 srain 3.0 05.6 1894 2197% 0.063% 0.065% 266.0 6.3 200,000 363,644 1GL
29.819.7) | Q74710 (38.6) (0.9)
straia 30 2123 2059 N 145% 0.00% 0.030% 380 110 470672 10,000,000 Noae
308182) | (29,366.8) 2345 | U5
D99
tcad 30 238.0 Q.0
4.5 0.0
Do-11 load 0 2419 0.0 1336410 GL
(35,1} 100
P9-21 load 30 2419 Q.0 10,000,000 Noo=
35.1) (0.0)
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200 4

P

|
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. VY,

.i%

-200

True Stress, c (MPa)
"QO

p—

T

1.4

%

True Strain, £ (%)

Strain Ampliades:
(starting on outside)
g, = 2.000%
£, = 1.000%
£, = 0.600%
£, = 0.350%

g, = 0.200%

g, = 0.150%
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Aof2 = 1180.188/2) "™
K ' = 1180.1MPa

,%3‘ n'=0.1967
= Eaxl R = 0.9880

=T

m— Loast Squares Fi

True Stress Amplitodc, Ac/Z (MPu)

0 010% 0.100% 1.000% 10.000%
True Plastic Stealn Amplitude, Ae /2 (%)




U7

True Stress Amplitude vs. True Strain Amplitude

£

&

True Stress Amplitude, Ag/2 (MPa)
£
g 2

e

O [Daie

— Cyclic Siress-Strain
Eguation

D L} T Ir ¥ T T T |l Y L T T : L T T L
ot 0.8% 1.0% 1.5% 2.0%

True Strain Amplitude, Ae/2 (%)

2.5%
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Composite Plot of Monotonic and Cyclic Stress-Strain Curves

500 Mo"ow"ic ('urvc //

Cyclic Curve

) v - + —4 - v r +

04k 0.5% 1.0%: 1.5% 2.0%
True Strain (%)
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M CYCLIC STRESS-STRAIN BEHAVIOR

B The cyclic yield strength, S/, is defined at 0.2%
strain offset which corresponds to a plastic strain of
0.002 on the cyclic stress-strain curve. It can be
estimated by substituting A¢,/2 = 0.002 in:

Agp "
o, =K’
2

B Values of K and n7 for selected engineering alloys
are given in Table A.2.
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0

able A.2 tonic ic, and Strain-life Properties of Selected Engi lloys*"
S. E SJSV' K/K' o‘/o,'
Process MPa GPa MPa MPa MPa
Material Description  (ksi) HB  (ksi -10")  %RA (ksi) (ksi) n/n' e (ksi) b c
Steel
1010 HR sheet 331 — 203 80 200/— 534/867 0.185/0.244 1.63/0.104 —/499 0,100  -0.408
(48) (29.5) (29) — (78)/(126) —(72)
1020 HR sheet 441 109 203 62 262/— 738/1962 0.190/0.321 0.96/0.337 —/1384 0,156 0485
(64) (29.5) (38) — (107)(284) —/(201)
1038° Normalized 582 163 201 54 3317342 1106/1340 0.259/0.220 0.77/0.309 898/1043 -0.107 -0.481
(84) (29.5) (48)/(50) (160)/(195) (130)/(151)
1038° Q&T 649 195 219 67 410/364 1183/1330 0.221/0.208 1.10/0.255 1197/1009 -0.097  -0.460
(94) (31.5) (60)/(53) (172)/(193) (174)/(146)
Man-Ten  HR sheet 510 — 207 64 393/372 —/186 0.20/0.11 1.02/0.86 814/807 -0.071 -0.65
(74) (30) (57)/(54) —/(114) (118)(117)
RQC-100  HR sheet 931 290 207 64 883/600 1172/1434 0.06/0.14 1.02/0.66 1330/1240 -0.07 0.69
(135) (30) (128)/(87) (170)/(208) (193)/(180)
1045 Annealed 752 225 — 44 517— —{1022 —{0.152 0.58/0.486 —/916 -0,079 -0.520
(109) — (75)/— —{(148) —{(133)
1045 Q&T 1827 500 207 51 1689/— —{3371 0,047/0.145 0.71/0,196 —{2661 -0,093 .643
(265) (30) (245) — —1(489) —/(386)
1090° Normalized 1090 259 203 14 735/545 176571611 0.158/0.174 0.15/0.250 —/1310 -0.091 -0.496
(158) (29.5) (10T(79) (256)/(234) —/(190)
1090° Q&T 1147 309 217 22 650/627 1895/1873 0.165/0.176 0.24/0.700 —/1878 -0.120 -0.600
(166) (31.5) (94)/(91) (275)(272) —(273)
1141°¢ Normalized 789 229 220 47 493/481 1379/1441 0.187/0.177 0.64/0.602 1117/1326 -0.103 -0.581
(115) (32) (72)/(70) (200)/(209) (162)/(192)
1141° Q&T 925 277 227 59 B14/591 1205/1277 0.074/0.124 0.88/0.309 1405/1127 -0.066 -0.514
(134) (33) (118)/(86) (125)/(185) (204)/(164)
4142 Q&T 1413 380 207 48 1378/— —{2266 0.051/0.124 0.65/0.637 —2143 -0.094 0.761
(205) (30) (200)/— —I(387) —311)
4142 Q&T 1929 475 207 35 1722/— —{2399 0.048/0.094 0.43/0.331 —2161 -0.081 -0.854
(280) (30) (250)/— —/(348) —/(314)
4340 HR 827 243 193 43 634/— —/1337 —/0.168 0.57/0.522 —{1198 -0.095 -0.563
(120) (28) (92)/— —/(194) —/(174)
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B For metals with symmetric
deformation behavior in
tension and compression, the
stabilized hysterisis loop
can be obtained by doubling

L the size of the cyclic stress-

strain curve:

1/n’

Ao Ao
Ae =——+2
E 2K’
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CYCLIC DEFORMATION AND
STRESS-STRAIN BEHAVIOR

B The macroscopic material behaviors discussed

B were obtained from uniaxial test specimens with cross-sectional
dimension of about 3 to 10 mm (about 1/8 to 3/8 in.).

B in most cases gross plastic deformation was involved.

B How does all this gross plasticity apply to most
service fatigue failures where gross plastic
deformation does not exist?

B Most fatigue failures begin at local discontinuities where local
plasticity exists and crack nucleation and growth are governed by
local plasticity at the notch tip.

B The type of behavior shown/discussed for gross plastic
deformation is similar to that which occurs locally at notches
and crack tips, and thus is extremely important in fatigue of
components and structures.
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STRAIN-BASED APPROACH
TO LIFE ESTIMATION, &-N

STRAIN-LIFE FATIGUE APPROACH

DETERMINATION OF STRAIN-LIFE FATIGUE
PROPERTIES

MEAN STRESS EFFECTS

FACTORS INFLUENCING STRAIN-LIFE BEHAVIOR
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UT TOLEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 5-Cyclic Deformation & &N Approach 56




* ¢ -W APPROACH TO LIFE ESTIMATION

B The strain-based approach to fatigue problems:
B Is widely used at present.
B Strain can be directly measured.
B Application of this approach is common in notched member fatigue.

B Strain-life design method is based on relating the fatigue life
of notched parts to the life of small unnotched specimens
cycled to the same strains as the material at the notch root.

B Since fatigue damage is assessed directly in terms of local strain, this
approach is also called local strain approach.

B Expected fatigue life can be determined knowin? the strain-time
hri]story at tr}e notch root and smooth strain-life fatigue properties of
the material.

B The remaining fatigue crack growth life of a component can be
analyzed using fracture mechanics concepts (Ch 6).
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! LOCAL STRAIN APPROACH

\ v
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https://efatigue.com/userdata/temp/1265830824_0plotout.gif

* ¢ -W APPROACH TO LIFE ESTIMATION

B Steady-state hysteresis loops can be reduced to elastic
and plastic strain ranges or amplitudes.

B Cycles to failure can involve from about 10 to 107 cycles
and frequencies can range from about 0.1 to 10 Hz.

B Beyond 10° cycles, load or stress controlled tests at
higher frequencies can often be performed because of
the small plastic strains and the greater time to failure.

B The strain-life curves are often called low cycle
fatigue data because much of the data are for less
than 10~ cycles.
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* ¢ -W APPROACH TO LIFE ESTIMATION

B Failure criteria include
B the life to a small detectable crack,

H |ife to a certain Ipercentage decrease in load amplitude
(50% drop level is recommended by the ASTM
standard E606),

H |ife to a certain decrease in the ratio of unloading to
loading moduli, or

H |ife to fracture.

B Strain-life fatigue curves plotted on log-log scales
are shown schematically in Fig. 5.11.
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B The total strain amplitude

can be resolved into
elastic and plastic strain
components from the
steady-state hysteresis
loops.

Both the elastic and
plastic curves can be
Ia_1pproximated as straight
ines.

At large strains or short
lives, the plastic strain
component is
predominant, and at small
strains or longer lives the
elastic strain component
IS predominant.

Strain amplitude (log scale)

Ae
- >
Agp
ef |
. qilE lz
Elastic
strain |
l Plastic
I strain
!
1 2N,

Reversals to failure, 2N, (log scale)
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* ¢ -W APPROACH TO LIFE ESTIMATION

B The straight line elastic behavior can be transformed to Basquin's egn:

Ao
:O-a :G’f(ZNf)b
2
B The relation between plastic strain and life is (Manson-Coffin
relationship):

Ag
2

B The intercepts of the two straight lines at 2/, = 1 are o//E for the
elastic component and &/ for the plastic component.

: :grf(ZNf)C

B The slopes of the elastic and plastic lines are b and ¢, respectively.
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M . _VAPPROACH TO LIFE ESTIMATION

Therefore:
Ag Ag Ag ol .
o, =2 T(2N, )" +£'(2N,)
2 2 2 E
Where: A¢/2 = total strain amplitude = ¢,

Ae /2 = elastic strain amplitude = 40/2E= o /E
Ag, 2 = plastic strain amplitude = A¢/2 - A2

&f = fatigue ductility coefficient
C = fatigue ductility exponent
G/ = fatigue strength coefficient
b = fatigue strength exponent
E = modulus of elasticity
Aof2 = o, = stress amplitude

WT()LEDO Ali Fatemi-University of Toledo All Rights Reserved Chapter 5-Cyclic Deformation & &N Approach g3



A Typical Complete Strain-life Curve With
Data Points For 4340 Steel

10°
| I I 2 l b I
Ae = o 6’ -0.9 -
5 =+ = 0.0062(2N,) "+ 0.581(2N) >
@ =) ey
3 10
£
£
4]
.g 10—2 - il
s
e
- « Bl P o)
<':1~ 107
10-4 |
100 10! 102 10° 104 105 108 107
Reversals to failure, 2Ny
(a)
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* ELASTIC LINE

10
I I | I I l
B
g 10| °i" 174 ksi S
2 Fatigue strength coefficient
-
g ¢ 0, = 0} (2N)? = 174(2N) %
8 102 —
g
& Fatigue strength
Z exponent = slope = b= —0.09
° 10'}— et
e
10° | l | | | |
10° 10' 102 10° 104 10° 108 107
Reversals to failure, 2Ny
(b)
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! PLASTIC LINE

10°

I | I | | l
&= 0.58
Fatigue ductility coefficient

10" —

Ae

-2—’ = ¢;(2N)" = 0.58(2N) %
1072 |— —

Fatigue ductility

TR plastic strain amplitude

exponent = slope = ¢ = —-0.57
$ 1073 — -
104 | l I I |
100 10! 102 10° 104 10% 10° 107

Reversals to failure, 2Ny
(c)
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The life where elastic and plastic PR o
components of strain are equal is $] Ag
0 7

called the transition fatigue life:
1

E;E b-c

2N, =

t

!
O

Elastic
strain

For lives less than 2N the
deformation is mainly plastic,
whereas for lives larger than 2N, the
deformation is mainly elastic.

Strain amplitude (log scale)

Plastic
strain

1

1 2N,
Reversals to failure, 2N (log scale)
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EXAMPLE DATA AND PLOTS
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At mudlife (Now)
Test | Test a2 2 | aon, | Om " o
Specimea 1 | rea, E GPa E',GPs awn % | MPs | MPs INgws (2Ndws Failure
i) wda | BE {ni) (ki) . ‘" . < o) | Ga) reversals reversals locatsoa™!
0937 stmin | 0.20 2120 2268 |.9858% LT35% L% 5032 | 29 |00 872 IGL
7041) | 32889.1) m.0 | £33)
Do-14 strain | 020 205.2 125 1.999% L733% 1.700% 318 L7 400 852 1GL
L 760.3) | (30,8262) [ AYE S]]
095 sran | 020 2068 1957 L97% 1.730% L708% 336 | 49 400 816 IGL
9913) | @83783) M4 | (n
0916 swain | 0.50 208.2 196.7 091% 0.760% 0.743% #$09 | 60 1,280 4,240 1GL
786.1) | 28.5224) (668) | (09)
D81 wrzin | 080 2072 1989 0.995% 0.767% 0.T745% asa s 0.5 1,710 3.740 1oL
031.9) | (28.8420) 1659) | co.n)
D9-1% stain | 0.50 2129 2026 0.997% 0.766% 0.757% 4539 a5 1,660 3350 GL
(30,870.9) | (29.376.7) 6.7 | 09
D9-3 staig | 0.0 0L1 196.0 0.596% 0.396% 0382% Wi6 02 4,000 13,794 IGL
@29.166.0) | @8.4247) s | ©0)
D9-8 srmn | 03 1914 227 0.394% 0.35% 0388% 4119 38 5.5%6 12326 GL
@7.7646) | (32.296%) gon | 09
D9-6 strain | 083 977 2098 0.600% 0.406'% L357% 876 13 6,026 11918 1GL
28.573.0) | 00.4340) @62 | ©)
D15 st 25 2010 1925 0.339% 0.167% 0.162% L7 0.4 <0.000 61444 IGL
29.152.1) 7.935.11 496y | Q.1
D913 strain 13 A1) 078 0.349% 0.179% 0177% 12090 55 16,156 52113 IGL
(30.415.1) | 00.137.7) (49.3) | (0.5)
D517 strain 15 140 088 0.345% 0.175% 21T NTs e | 1639 33403 IGL
31,0309 | 30,276 (50.4) | ©.))
09-10 Qrae i0 043 1943 0191% 0.05%% 0L065% 656 42 200,000 82,794 1GL
2946641 | [(28.181.7) (38.5) | (0.6)
D%+ L TEY Jo 2007 198.5 0.196% 0.057% 007l% 62 4l 200,000 391,020 1L
29545 5) 3.7305) 40.1) | 0.8)
D9-20 srain 3.0 05.6 189.4 0197% 0.063% 0.065% 266,0 63 200,000 353,644 IGL
(29,819. QTATLD 38.6) | 09)
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B Strain-life fatigue data for selected engineering alloys
are included in Table A.2.

B These properties are obtained from small, polished,
unnotched axial fatigue specimens under constant
amplitude fully reversed cycles of strain.

B Material properties in Table A.2 also omit influences
of surface finish, size, stress concentration,
temperature, and corrosion.
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able A. tonic, Cyclic, and Strain-life Properties of Selected Engi lloys"™
S, E S/S, K/K' afoy
Process MPa GPa MPa MPa MPa
Material Description  (ksi) HB  (ksi -10")  %RA (ks1) (ksi) n/n' e (ksi) b c
Steel
1010 HR sheet 331 — 203 80 200/— 534/867 0.185/0.244 1.63/0.104 —/499 0,100  -0.408
(48) (29.5) (29) — (78)/(126) —{(72)
1020 HR sheet 441 109 203 62 262/— 738/1962 0.190/0.321 0.96/0.337 —/1384 0,156  -0.48S
(64) (29.5) (38) — (107)/(284) —/(201)
1038°  Normalized 582 163 201 54 3311342 1106/1340 0.259/0.220  0.77/0.309 898/1043 -0.107  -0.481
(84) (29.5) (48)/(50) (160)/(195) (130)/(151)
1038° Q&T 649 195 219 67 410/364 1183/1330 0.221/0.208 1.10/0.255 1197/1009 -0.097  -0.460
(94) (31.5) (60)/(53) (172)/(193) (174)/(146)
Man-Ten  HR sheet 510 — 207 393/372 —/786 0.20/0.11 1.02/0.86 814/807 -0.071 -0.65
(74) (30) (57)/(54) —/(114) (118)(117)
RQC-100  HRsheet 931 290 207 64 883/600 1172/1434 0.06/0.14 1.02/0.66 1330/1240 -0.07 -0.69
(135) (30) (128)/(87) (170)/(208) (193)/(180)
1045 Annealed 752 225 — 44 S17/— —{1022 —{0.152 0.58/0.486 —916 0,079  -0.520
(109) — (75)/— —{(148) —{(133)
1045 Q&T 1827 500 207 51 1689/— —{3371 0.047/0.145  0.71/0.196 —2661 0093 0643
(265) (30) (245) — —1(489) —/(386)
1090°  Normalized 1090 259 203 14 735/545 1765/1611 0.158/0.174 0.15/0.250 —/1310 -0.091 0.496
(158) (29.5) (107(79) (256)/(234) —/(190)
1090° Q&T 1147 309 217 22 650/627 1895/1873 0.165/0.176  0.24/0.700 —/1878 0,120 -0.600
(166) (31.5) (94)/(91) (275)(272) —/(273)
1141 Normalized 789 229 220 47 493/481 1379/1441 0.1870.177  0.64/0.602 111771326 0103 -0.58)
(115) (32) (72)/(70) (200)/(209) (162)/(192)
1141° Q&T 925 217 227 59 814/591 120571277 0.074/0.124  0.88/0.309 1405/1127 0066 0514
(134) (33) (118)/(86) (125)/(185) (204)/(164)
4142 Q&T 1413 380 207 48 1378/— —i2266 0.0510.124  0.65/0.637 —2143 0094 -0.76)
(205) (30) (200)/— —/(387) —/(311)
4142 Q&T 1929 475 207 35 1722/— —12399 0.048/0.094  0.43/0.331 —2161 -0.081 -0.854
(280) (30) (250)/— —/(348) —/(314)
4340 HR 827 243 193 43 634/— —/1337 —10.168 0.57/0.522 —/1198 0,095 -0.563
(120) (28) (92)/— —/(194) —/(174)
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4340 Q&T 1240 350 193 57 1178/— 1580/1887 0.066/0.137  0.84/1.122 —{1917 0099 -0.720

(180) (28) (171y— (229)/(274) —/(278)
4340 Q&T 1468 409 200 38 1371/— —/1996 —{0.135 0.48/0.640 —{1879 0,086  -0.636
(213) (29) (199)— —{(290) —/(273)
0030 Cast 496 137 207 46 303/320 —/138 —/0.136 0.62/0.280 750/655 -0.083 -).552
(72) (30) (44)/(46) —(107) (109)/(95)
8630 Cast 144 305 207 29 985/682 —/1502 —{0.122 0.35/0.420 1268/1936 0021 0693
(166) (30) (143)/99) —/(218) (184)/(281)
304 Annealed 572 — 190 — 276/— —2275 —/0.334 —0.174 —/1267 0139 0415
(83) (27.5) (40)/— —(330) —/(184)
304 CD 951 327 172 69 744/— —{2270 —/0.176 1.16/0.554 —{2047 0112 0635
(138) (25) (108)/— —{(329) —{(297)
Aluminum
2024-T3 — 469 - 70 24 379/427 455/655 0,032/0.065 0.28/0.22 558/1100 -0.124 -0.59
(68) (10) (55)/(62) (66)/(95) (81)/(160)
5456-H311 — 400 95 69 35 234/— —/817 —/0,145 0.42/1.076 —I826 0.115 -0.797
(58) (10) (34)/— —/(118) —{(120)
7075-T6 —- 579 - 70 3 469/524 827/ — 0.11/0.146 041/0.19 745/1315 -0,126 -0.52
(84) (10) (68)/(76) (120y/— (108)/(191)
A356 Cast 283 93 70 5.7 229/295 388/379 ' 0.083/0.043 0,06/0.027 2741594 0,124 -0.530
(41) (10) (33)/(43) (56)/(55) (40)/(86)
Others
AZ9IE-T6  Cast Mg. 318 - 45 13 142/180 639/552 0.137/0.184 0.14/0.089 356/831 0.148  -0.451
(46) (6.5) (21)/(26) (92)/(80) (52)(121)
Incon 718 Aged 1304 — 204 - 1110/ —(1986 —{0.112 —{3.637 —{2295 0.100  -0.894
(189) (29.5) (161)— —/(288) —{(333)

* These values do not represent final fatigue design properties, 11099 states “Information presented here can be used in preliminary design estimates of fatigue
life, the selection of materials and the analysis of service load and/or strain data.”

¥ “Technical Report on Low Cycle Fatigue Properties, Ferrous and Non-Ferrous Materials,” SAE 11099, 1998 and 1975. (With permission of the Society of
Automotive Engineers).

* M.L. Roessle, Correlations Among Microstructural Parameters, Trensile Data, And Fatigue Properties For Steel, MS Thesis, University of Toledo, 1998.
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* ¢ -W APPROACH TO LIFE ESTIMATION

B Many materials have similar
life at a total strain

amplitude of about 0.01. %
e,
WM At larger strains, increased
life is dependent more on wl S
ductility, while at smaller l v

strains longer life is obtained
from higher strength
materials.

g s - ———
-l

~0.01

B The optimum overall strain-
life behavior is for tough
metals, which are materials
with good combinations of
strength and ductility.
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* ¢ -W APPROACH TO LIFE ESTIMATION

B The strain-based approach is a comprehensive approach which can
be applied to both low cycle and high cycle fatigue regimes.

B For long life applications where the plastic strain term is negligible,
the total strain-life equation reduces to Basquin’s Eq. which was also

used for the stress-life (5-N) approach.

A A Ag o .
e LD M CLPY
Ao
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* DETERMINATION OF STRAIN-LIFE FATIGUE PROPERTIES

B The fatigue strength coefficient, o/, and fatigue strength
exponent, b, are the intercept and slope of the linear least
squares fit to stress amplitude, Ao/2, versus reversals to failure,
2N, using a log-log scale.

m Similarly, the fatigue ductility coefficient, ¢/, and fatigue
ductility exponent, ¢ are the intercept and slope of the linear
least squares fit to plastic strain amplitude, A¢/2, versus
reversals to failure, 2/, using a log-log scale.

B Plastic strain amplitudes can either be measured directly from
half the width of stable hysteresis loops, or calculated from

Ae, Ae Ao

2 2 2E
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DETERMINATION OF STRAIN-LIFE
FATIGUE PROPERTIES

B When fitting the data to obtain the four strain-life properties, stress
or plastic strain amplitude should be treated as independent
variables, whereas the fatigue life is the dependent variable (i.e.
fatigue life cannot be controlled and is dependent upon the applied
strain amplitude).

B The cyclic strength coefficient, K’, and cyclic strain hardening
exponent, n’, are obtained from fitting stable stress amplitude
versus plastic strain amplitude data. Rough estimates of K’ and n’
can also be calculated from the low cycle fatigue properties by

using:. ,
K’ = — 1 - , b
’ e n -
(8 f )C C
These equations are derived from compatibility between strain-life
equations.
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* ESTIMATION OF STRAIN-LIFE FATIGUE PROPERTIES
|

B Strain-life equation has been approximated from monotonic tensile
properties (method of Universal Slopes):

0.832 -0.53

Az—g:o.ezs [SEJ 2N, )%+ 0.0196 (gf)o.lss(SEu} N )

B Another approximation that only uses hardness and £ has been shown
to provide good agreement with experimental data for steels and is
given by (Roessle and Fatemi, 2000):

Ag:4.25(HB )+ 225 (2N )_0_09+o.32(HB )" — 487 (HB )+191000 N, )
2 E f E f
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* MEAN STRESS EFFECTS

B Strain-controlled cycling with a mean strain usually results in a mean stress
which may fully or partially relax with continued cycling.

B The relaxation is due to the presence of plastic deformation, and therefore,
the rate or amount of relaxation depends on the magnitude of the plastic
strain amplitude (more mean stress relaxation at larger strain amplitudes).

. VVVV
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* MEAN STRESS EFFECTS

B Stress relaxation is different from the cyclic softening
phenomenon and can occur in a cyclically stable material.

B Mean strain does not usually affect the fatigue behavior
unless it results in a non-fully relaxed mean stress.

B Since there is more mean stress relaxation at higher strain
amplitudes due to larger plastic strains, mean stress effect
on fatigue life is smaller in the low cycle fatigue region and
larger in the high cycle fatigue region (Fig. 5.15).
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! MEAN STRESS EFFECTS
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Figure 5.15 Effect of mean strain on fatigue life for SAE 1045 hardened steel [23]
(reprinted with permission of Elsevier Science).
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* MEAN STRESS EFFECTS

B Several models dealing with mean stress effects on
strain-life fatigue behavior are available.

B Morrow’s parameter:

4

A O¢ ~0On c
28 fE (ZNf)b+8’f(2Nf)

Il
M
Il

o, is the mean stress.

B An alternative version of Morrow’s mean stress
parameter where both the elastic and plastic terms are
affected by the mean stress is given by:

r_ r b
22 e, =0 Gm(sz)b+g'f[af G"‘J(sz)°

2 E o'
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* MEAN STRESS EFFECTS

B Another equation suggested by Smith, Watson, and Topper (often
called the SWT parameter) is:

b+c

! 2b ! !
O-maxgaE:(O-f)z(ZNf) +O-f8fE(2Nf)
where o, = o, + o,and ¢, is the alternating strain.

B This equation is based on the assumption that for different combinations of
strain amplitude, ¢, and mean stress, o, the product o, _, &, remains
constant for a given life.

m If o is zero, this Eq. predicts infinite life, which implies that tension must
be present for fatigue fractures to occur.

B The SWT Eqg. has been shown to correlate mean stress data better for a wide
range of materials and is regarded to be more promising for general use.
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* FACTORS INFLUENCING ¢ -V BEHAVIOR

B Similar to the S-Vapproach, in addition to the mean
stress, many other factors can influence strain-life
fatigue behavior of a material. These include:

B stress concentrations (Ch. 7),

B residual stresses (Ch 8),

B multiaxial stress states (Ch 10),

B environmental effects (Ch 11),

B size effects (similar to those in the S-Vapproach), and
B surface finish effects.

B The effects of many of these factors are similar to
those on the S-V behavior.
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* SURFACE FINISH EFFECT ON ¢ -NBEHAVIOR
|

B Due to large plastic strains in the low cycle region, there
is usually little influence of surface finish at short lives.

B There is more influence of surface finish in the high cycle
fatigue regime where elastic strain is dominant.

B Therefore, only the elastic portion of the strain-life curve
IS modified to account for the surface finish effect.
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* SURFACE FINISH EFFECT ON ¢ -NBEHAVIOR
|

M This is done by reducing the
slope of the elastic strain-life
curve, b, analogous to the
modification of the S-/V curve
for surface finish.

B Surface finish correction
factors for steels are given in
Fig. 4.15.

B The slope / for steels with
fatigue limit assumed at 106
cycles can be calculated from
b = b+ 0.159 log «..

B This correction can also be
used for nonzero mean stress
loadings.

Strain amplitude (log scale)

— Highly polished surface
=== Unpolished surface

Elastic
strain

1 Reversals to failure, 2N (log scale)
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M SUMMARY

B Basic material mechanical properties such as strength and
ductility can be obtained from simple monotonic tensile
tests. However, The stress-strain behavior obtained from
simple monotonic tensile tests can be quite different from
that obtained under cyclic loading.

B Cyclic loading can cause hardening and/or softening of the
material. Using a monotonic stress-strain curve of a cyclic
softening material in a cyclic loading application can
significantly underestimate the extent of plastic
deformation present.

B Changes in cyclic deformation behavior are more
pronounced at the beginning of cyclic loading, as the
material usually gradually stabilizes with continued cycling.
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M SUMMARY

B The stable cyclic stress-strain curve can be represented
by the following equation for many metals:

1/n’

Ae Ae, A&, Ao (Ao o o, (O'a)
2 2 2 2E 2K’ E LK’

where K’ and n’ are material cyclic deformation
properties.

B Fatigue cracks usually nucleate from plastic straining in
localized regions. Strain-based approach to fatigue
problems is widely used at present.
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* SUMMARY

B The strain-life equation is expressed as:

A A Ag o' .
= s, - ;’w = en) e en )

B The Strain-life approach is a comprehensive approach
which can be applied for the treatment of both low
cycle and high cycle fatigue.

B In the low cycle region plastic strain is dominant,
whereas in the high cycle region elastic strain is
dominant.
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* SUMMARY

B At large strains better fatigue resistance depends more on
ductility, while at small strains it depends more on strength.

B Strain-controlled cycling with a mean strain results in a mean
stress that usually relaxes at large strain amplitudes due to
the presence of plastic deformation.

B A non-relaxing mean stress can significantly affect the
fatigue life with tensile mean stress having detrimental effect
and compressive mean stress having beneficial effect.

B Other synergistic effects of loading, environment, and
component or material processing can also influence the
strain-life behavior.
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EXAMPLE PRBLEM USING
STRAIN-LIFE APPROCH




