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ABSTRACT : This paper studies the nonproportional low cycle fatigue of 6061 aluminum alloy under 14 strain
paths. Tension-torsion low cyclefatiguetestswere carried out using hollow cylinder tube specimens (OD 12 mm,
ID 9 mm, gage length 6.4 mm) under 14 proportional and nonproportional cyclic strain paths at room
temperature. Nonproportional strain written with only strain path and having a material constant correlated
nonproportional fatigue lives within a factor of two scatter band. The additional hardening of 6061 aluminum
alloy under nonproportional straining was also discussed in relation with fatigue life.

Notation

€1(t) Maximum principal strain at timet

€3(t) Minimum principal strain at timet

&(t) Maximum absolute value of the principal strain at timet : Max [|ei(t)], |ea(t)]]
S max  Maximum value of g(t) inacycle

€ ()  Equivalent strain based on COD at timet

@t) Principal strainratio at timet

Ag Maximum principal strain range under nonproportional straining

Aepsve Equivaent strain range defined in Code Case N-47

A€ Equivaent strain range based on COD under nonproportional straining

Aenp Nonproportional strain range

Ae'np  Nonproportional strain range based on COD

01(t)  Maximum principal stressat timet

o3(t)  Minimum principal stress at timet

o)(t) Maximum absolute value of the principal stressat timet : Max [|o1(t)], |o3(t)]]

Ao Maximum principal stress range under nonproportional straining

&(t) Angle between the principal strain directions of g(t) and € max

fnp Nonproportional factor

fnp Nonproportional factor based on COD

a Materia constant which expresses the amount of additional hardening

N¢ Number of cyclesto failure



I ntroduction

ASME Code Case N-47 (1) has been frequently used as a design criterion for nonproportional low
cycle fatigue, but recent studies have shown that the Code Case estimates unconservative lives for
nonproportional fatigue. Nonproportional oading reducesthe low cyclefatigue life due to the additional
hardening depending on strain history, so the nonproportional parameter must take account of the
additional hardening. A couple of nonproportional parameters which include the stress range or
amplitude have been proposed (2-4), and stresstermsin the parameters are able to be cal culated using the
inelastic constitutive equation (5-8), but it is not a simple procedure in general and requires many
material constants. Thereisno well established method of estimating nonproportional low cycle fatigue
life based on only strain history.

The authors (9) carried out nonproportional low cycle fatigue tests using a hollow cylinder
specimen of Type 304 stainless steel and proposed a nonproportional low cycle fatigue parameter written
with only strain history. Type 304 stainless steel isknown asamateria which showsthe large additional
hardening under nonproportional loadings (5, 9-11). Fatigue lives drastically reduced by additional
hardening which depends on strain history. The maximum reduction is a factor of 10 when compared
with the proportional fatigue life. However, the degree of additional hardening is material dependent, so
that the reduction of nonproportional livesis also material dependent.

The aim of this paper is to examine the nonproportiona low cycle fatigue life of 6061 aluminum
alloy which shows a small additional hardening and to confirm the availability of the nonproportional
strain proposed previously to the small additional hardening material, by making extensive
nonproportional low cycle fatigue tests using 14 strain paths.

Experimental Procedure

The material tested was 6061 aluminum alloy (6061 Al alloy) which received T6 heat treatment.
Mises equivalent total strain controlled nonproportional low cycle fatigue tests were carried out using
hollow cylinder specimenswith 9 mm inner diameter, 12 mm outer diameter and 6.4 mm gage length as

shown in Fig.1l. Test machine used was a tension-compression and reversed torsion electric servo
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Fig.1 Shape and dimensions of the specimen tested (mm).

hydraulic low cycle fatigue machine.

Figure 2 shows strain paths employed, where € and y are the axial and shear strains, respectively.
Case 0O is a push-pull test and is the base data used for the nonproportional life prediction. Total axial
strain range was varied from 0.5 % to 1.5 %. Strain paths shown in the figure were determined so asto
make clear the various effectsin nonproportional straining (9). In strain paths 1-13, the total axial strain
range, Ag, had the same strain magnitude as the total shear strain range, Ay, on Mises equivalent basis.

In this paper, one cycleisdefined asfull straining for both axial and shear cycles. Thus, acomplete
straining along the strain paths shown in Fig.2 was counted as one cycle for all the Cases except Case 3
and 4. In Case 3 and 4, a complete cycling was counted as two cycles. The number of cyclesto failure

(N¢) was defined asthe cycle at which the axia stress amplitude was decreased by 5 % from its cyclically

stable value.
W3
¢ YE € ) C % %
Cax0 Ca=l
Cae5 Cae8 Caxe9
Cae10 Cae13

Fig.2 Proportional and nonproportional strain paths.



Experimental Resultsand Discussion

Definition of Stain and Stress Ranges

This study defined the maximum principal strain range as

Ne, =Max [, —cosE(1) &, (1) ] (1)

where g(t) is the maximum absolute value of principal strain at timet and is given by Eq.2.

: (t)zgsl(t)l for |e, (t)] 2|e5 (1)) )

e,(1)]  for |e ()| <|es ()]

where g;(t) and g5(t) are the maximum and minimum principal strains at time t, respectively. The

maximum value € max Of & (t) is expressed as

glmax :Max[?,, (t)] (3)

&(t) isthe angle between € nax and g,(t) directions and expresses the variation angle of the principal strain

direction.
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Fig.3 Schematic graph of g (t), &(t) and Ag,.

Figure 3 schematically shows the relationship between g,(t) and ¢(t) on apolar figure of g(t). The
angle &(t) becomes ahalf valuein physical plane, i.e. in the specimen. The principal strain range, Ag,, is

determined by two strains, €(A) and €(B), and the angle between them, where A and B are the times



maximizing the strain range in bracket in Eqs.1 and 3. Thus, equation (1) is equivalent to finding the

largest principal strain range occurred in specimen and is rewritten as,

Ae, =€, (A)-cosE(B) (2, (B)

g (A)=¢ @

I max

The angle &(B) isthe angle between the principal strain directions of €ma and €(B).

Nonproportional Low Cycle Fatigue Life

Table 1 lists the test results of 6061 aluminum alloy and Type 304 stainless steel together with the
stress and strain parameters. Stress ranges were measured at the half life (1/2Ny).

Figure 4 shows the correlation of nonproportional low cycle fatigue (LCF) lives of 6061 Al aloy
with the equivalent strain range defined in ASME Code Case N-47 (ASME strain range) (1), which has
been used as a design parameter for the nonproportional fatigue. In the figure, a factor of two scatter
band is shown by lines based on the push-pull data, i.e. Case 0 data, and attached numbers denote the
Casenumber. ASME strain range correlates fatigue lives unconservatively for some Cases by more than
afactor of two. Thelowest fatiguelives occurredin Case 13, i.e. circular path. Fatiguelivesin that Case
are about 1/3 of thosein Case 0. The significant reduction infatigue life al'so occurred in Case 10 and 12,
box paths, aswell as circular path.

For the comparison, the data correlation of Type 304 stainless steel with ASME strainis shownin
Fig.5, of which tests were made by the authors (9). Specimen shape and strain paths are same asthose in
this study. The figure shows the same trend of the data correlation as that in Fig.4, but ASME strain
gives amore unconservative estimate for Type 304 steel than for 6061 Al alloy. The minimum lives are
found in Case 12 which isabout 10 % of the failure cyclein Case O at the same strain range, whereasit is
about 30 % for 6061 Al alloy.

Comparison of the results between Fig.4 and Fig.5 leads to the conclusion that the nonproportional
LCF damage is a function of strain history and material. Thus, nonproportional strain parameter must

take account of these two factors.



Table1 Summary of the test results.

6061 aluminum alloy

Case \P Strain range, MPa Stressrange, MPa NP factor

No. (Cycles) Ag,qe Ae Ay Dew Dewe Do AT Aoy fue fae

0 44500 050 0.50 0 050 0.50 368 0 368 0 0
13 7500 050 050 087 060 0.60 400 185 407 1.00 1.00
0 2900 0.80 0.80 0 0.80 0.80 527 0 527 0 0
1 955 080 080 139 08 084 519 302 523 0.34 0.32
2 975 080 080 139 08 084 536 314 551 0.34 0.32
3 1740 080 057 098 085 0.83 409 221 533 0.39 041
4 2610 080 057 098 085 0.83 393 236 530 0.39 0.41
5 2050 080 057 098 079 0.76 46 177 543 0 0
6 3370 080 057 098 081 0.77 373 238 536 0.10 0.10
7 2800 080 057 098 082 0.79 383 228 514 0.20 0.21
8 1310 080 057 098 091 0.89 430 235 529 0.77 0.81
9 890 080 057 098 091 0.89 454 214 512 0.77 0.81
10 1650 080 057 098 091 0.89 411 210 521 0.77 0.81
11 1310 080 0.72 036 082 0.80 454 271 535 0.46 0.46
12 1250 080 080 139 092 0.92 514 259 520 0.77 0.77
13 785 080 080 139 096 0.9 493 292 506 1.00 1.00
0 740 120 1.20 0 120 120 561 0 561 0 0
5 970 120 085 147 118 113 435 212 560 0 0
13 220 120 120 208 144 144 581 362 630 1.00 1.00
0 225 1.80 1.80 0 1.80 180 586 0 575 0 0
13 69 180 180 312 216 216 637 394 692 1.00 1.00
304 stainless steel
Case N; Strain range, % Stressrange, MPa NP factor
No. (CyCIeS) A€ Ay Neasme Aenp AS*NP Ao At Ao, fap fap
0 49000 0.50 0 050 050 050 530 0 530 0 0
0 23400 0.65 0 0.65 0.65 0.65 580 0 580 0 0
0 7100 0.80 0 0.80 0.80 0.80 630 0 630 0 0
0 1500 1.00 0 1.00 100 1.00 730 0 730 0 0
0 1700 1.13 0 1.13 113 1.13 730 0 730 0 0
0 690 1.20 0 120 120 120 805 0 805 0 0
0 540 1.50 0 150 150 150 825 0 825 0 0
1 9500 050 087 050 065 0.64 685 395 715 0.34 0.32
2 20000 050 087 050 065 0.64 670 355 680 0.34 0.32
3 2400 050 087 071 09 0.92 670 420 1020 0.39 0.41
4 3400 050 087 071 09 0.92 790 395 950 0.39 0.41
5 17500 050 087 071 070 0.67 485 185 655 0 0
6 9700 050 087 071 076 0.74 500 240 695 0.10 0.10
7 18000 050 087 071 082 0.80 530 285 695 0.20 0.21
8 2050 050 087 071 118 1.17 760 410 915 0.77 0.81
9 2950 050 087 071 118 1.17 780 370 885 0.77 0.81
10 2600 050 087 071 118 1.17 765 400 1035 0.77 0.81
11 14400 050 087 056 079 0.78 570 280 595 0.46 0.46
12 4750 050 087 050 08 084 660 360 840 0.77 0.77
1 1400 080 139 080 104 1.03 950 530 985 0.34 0.32
2 2100 080 139 080 104 1.03 860 490 865 0.34 0.32
3 820 080 139 113 150 147 975 545 1350 0.39 041
4 900 080 139 113 150 147 1010 520 1220 0.39 0.41
5 3200 080 139 113 111 1.07 500 250 820 0 0
6 2600 080 139 113 121 117 670 320 905 0.10 0.10
7 1700 080 139 113 131 1.27 735 390 920 0.20 0.21
8 470 080 139 113 188 1.85 1055 560 1220 0.77 0.81
9 660 080 139 113 188 1.85 1075 600 1245 0.77 0.81
10 320 080 139 113 188 1.85 1060 555 1345 0.77 0.81
11 1200 080 139 089 126 124 850 500 975 0.46 0.46
12 710 080 139 080 136 1.35 940 510 975 0.77 0.77
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Fig.4 Correlation of nonproportional L CF lives of
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Stress under Nonproportional Straining
Figures 6 (a) and (b) show the correlation of LCF lives of 6061 Al aloy and Type 304 steel with
maximum principal stress range, Ag;, defined by Eq.5 similar to that of Ag; ,

Ao,=0,(A)—-cos¢(B) Lo, (B)

_Hoy(t)]  for |oy(t)] 2 |o,(t)] 5)
o,(t)=
ay(t)] for |oy(t)] <[ay(t)]

where 0;(t) and o3(t) are the maximum and minimum principal stresses at timet. Fatigue lives of 6061
Al dloy, Fig.6 (a), are mostly within a factor of two band, while those of Type 304 steel, Fig.6 (b), are
correlated too conservatively where most of the data are out of afactor of two scatter band. Theresultsin
these two figures indicate that the small reduction in LCF life occurs for small additional hardening
material and the large reduction for large additional hardening material. The maximum principal stress
range is a suitable parameter for the former material but is not for the latter material.

Reduction in nonproportional LCF lifeis connected with the degree of additional hardening (2-4).
In nonproportional loading, the principal strain direction is changed with proceeding cycles, so the
maximum shear stress plane is changed continuously in acycle. This causes an interaction between dlip
systems and which results in the formation of small cells (10,11) for Type 304 steel. Large additional
hardening occurred by the interaction of slip systemsfor that steel. 6061 Al aloy, on the other hand, isa
material of high stacking fault energy and slips of dislocationsarewavy. No largeinteraction occurred in
6061 Al alloy since dislocations change their glide planes easily following the variation of the maximum

principal strain direction (11).

Nonproportional LCF Strain Parameter

The authors proposed nonproportional strain range, Aenp, below.

Deyp=(1+a T ) e, (6)

where a is a material constant related to the additional hardening. fnpe is the nonproportional factor

which expresses the severity of nonproportional straining and is described by only the strain history.
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The results in Fig.6 showed that the degree of additional hardening is material dependent. Other
literature reported that aluminum alloys show little or no additional hardening (3,4,10), while Type 304
stainless steel usually givesasignificant additional hardening (5,10,11). Doong et a. (10) have reported
that little additional hardening has amost no effect on nonproportiona fatigue life and significant
additional hardening causes adrastic reduction in fatiguelife. Thus, the nonproportional LCF parameter
must include a parameter which expresses the amount of additional hardening.

Equation 6 takes account of the amount of additiona hardening by the material constant, a. The
value of a is defined as the ratio of stress amplitude under 90 degrees out-of-phase loading (circular
strain path in y/v3 —¢ plot) to that under proportional loading. 90 degrees out-of-phase | oading shows the
maximum additional hardening among all the nonproportional histories (3,12). For 6061 Al alloy, the
stress amplitude under 90 degrees out-of-phase |oading wasincreased up to 20 % in comparison with the
proportional loading, so the value of a is0.2. For Type 304 stainless stedl, it was 0.9 due to the large
additiona hardening (3,9).

The nonproportional factor which expresses the severity of nonproportional straining is defined as

k 1

przT@.maxL (sing(t)| @, 1))t -

k=1t/2

where g(t), € max and &(t) arethe parametersdefined in Eqs.1-3and Fig.3. T istimefor acycleand fypis
normalized by T and € max. Kk isaconstant to make fyp unity under 90 degrees out-of-phase loading. The
reason for making fyp integral formisthat the experimental resultsindicate that the nonproportional LCF
life is significantly influenced by the degree of principa strain direction change and strain length after
the direction change. The value of fyp takes zero for proportional straining. In Eq.7, fyp is calculated
from only the strain path and accounts for the severity of nonproportional loading. The parameter given
by EQ.6 in this study would evaluate the degree of additional hardening due to nonproportional loading.

The authors (13) proposed another nonproportiona strain on the basis of the equivalent strain
based on crack opening displacement (COD strain) to improve the data correlation of proportional LCF
lives. The COD strain physically expresses the intensity of COD in multiaxial stress and strain states.
The nonproportional strain range based on COD is defined similar to EQ.6 as,

Age=(1+0Oyp) At (8)

where Ag’| isthe COD strain range under nonproportional straining and is given by



Ag,=¢ (A)—cosé(B) & (B)

) , 9
£ (=B I2-0()" &, (1)

In this equation, € (t) and ¢(t) are the COD strain and the principal strain ratio at timet. (t) is defined as

()5, (1) for  |e,(t) = [e5(t)|

t)=
o) grl(t)/eg(t) for e (1) <|e,(t)

(10)
Constants, B and m', in Eq.9 take the values of 1.83 and -0.66, respectively, independent of
material which was verified by FEM analyses (13). The nonproportional factor based on COD strain,

f \p, iSgiven by

:%IOT (snzle @ )at k'=1.66 (11)

f e

Figures 7 and 8 correlate the nonproportional fatigue data with the two nonproportional strains
shown in Egs.6 and 8, respectively. In these figures, () and (b) are the correlation of fatigue lives for
6061 Al alloy and Type 304 steel, respectively. Almost all the nonproportional data are within afactor of
two scatter band in the correlation with the two nonproportional strains. The scatter of the data appears
to be somewhat smaller in the correlation with A€ \p, which arises from the better correlation of
proportional data with COD strain range than that with the maximum principal strain range (13).
Therefore, the two nonproportional strains proposed by Egs.6 and 8 are able to predict nonproportional
LCF lives with various strain histories. These equations have only one material constant which is

determined by the stress range ratio under 90 degrees out-of-phase and proportional loadings.

Conclusion

Proportional and nonproportiona low cycle fatigue tests were carried out using fourteen strain
paths for 6061 aluminum alloy hollow cylinder specimens at room temperature. Fatigue lives of 6061
aluminum alloy were reduced by nonproportional loading but the reduction was not so large as that of
Type 304 stainless steel. The two nonproportional strainswere applied nonproportional LCF lives of the
two material. The scatter of the datawaswithin afactor of two for both the materials and which indicates
the two strains are suitable parameter for correlating nonproportional LCF data of small and large

additiona hardening materials.



4IIIII I T TTTTIN I T TTTT I T TTTITH

%
w

6061 aluminum alloy |
0=0.2 i

@® Casel

NP strain range Agnp,
H

0.5 © Case 1-12
— [ Casel3 —
O.3IIIII [ RN [ R [ NN
10° 10° 10* 10°
Number of cycles to failure Nt
(a) 6061 aluminum alloy
3
[ [T TTTTIT [ T TTTTIT [ T TTTTI
S
21 304 stainless steel
Dz: a=0.9
w
<
o)) 1r ]
(@) - |
[
© B |
[
3 05} -
5 — @ Case0 -
a | A Case 1-12, Ae=0.5% ]
=z O Case 1-12, Ae=0.8%
02 ] L LIl L1 LI IIlnl ] L 111l
10? 103 10* 10°

Number of cycles to failure N

(b) Type 304 stainless steel

Fig.7 Correlation of nonproportional LCF liveswith the nonproportional
LCF strain range based on the principal strain.



4'IIIII T TTTTI T TTITT T TTTTm

o)
@) 3L _ _
@) 6061 aluminum alloy
C
o a=0.2 _
= 2
B
©
o
.21 ]
C w
s J ]
.% ® Casel N
= 0.5~ o Case1-12
o - O Casel3 -
Z 0.3”|”2 | llllllll3 1 1 lllllll4 | llllllll5
10 10 10 10
Number of cycles to failure N
(a) 6061 aluminum alloy

) 3 I T TTTTTII I T TTTTITI I T TTTTIT
8 2L 304 stainless steel -
S a=0.9
D
2 1 m
o L _

o | ]
.2 [ ]
C w
© J0.5 -
c -
‘T ® Case0
= A Case 1-12, Ae=0.5% i
Q O Case 1-12, Ae=0.8 %
z 02 1L 1 111111l 1L 1 1 I1illl 1L 1 11111l

102 10° 10* 10°

Number of cycles to failure N

(b) Type 304 stainless steel

Fig.8 Correlation of nonproportional LCF liveswith the nonproportional
LCF strain range based on COD.



References

(1) ASME Code Case N-47, (1978), Case of ASME Boiler and Pressure Vessel Code, Case N-47,
Class 1, Section 3, Division 1, ASME.

(2) Smith R. N., Watson P. and Topper T. H., (1970), A Stress Strain Function for the Fatigue of
Materials, J. Materiads IMLSA, Vol.5, No.4, pp.767-778.

(3) SocieD.F., (1987), Multiaxial Fatigue Damage Models, Trans. ASME J. Engng. Mater. Technal.,
V0l.109, No.4, pp.293-298.

(4) Fatemi A. and Socie D. F., (1988), A Critica Plane Approach to Multiaxial Fatigue Damage
Including Out-of-Phase Loading, Fatigue and Fracture of Engng. Mater. and Struct., Vol.11, No.3,
pp.149-165.

(5) McDowell D. L., (1983), On the Path Dependence of Transient Hardening and Softening to Stable
States Under Complex Biaxia Cyclic Loading. Proc. Int. Conf. on Constitutive Laws for Engng.
Mater., Tucson, AZ, (Desai and Gallagher, eds.), p.125.

(6) Krempl E. and Lu H., (1983), Comparison of the Stress Responses of an Aluminum Alloy Tube to
Proportional and Alternate Axial and Shear Strain Paths at Room Temperature, Mechanics of
Materials, Vol.2, pp.183-192.

(7) Bendla A. and Marquis D., (1987), Congtitutive Equations for Nonproportional Cyclic
Elasto-Viscoplasticity, Trans. ASME J. Engng. Mater. Technol., Vol.109, No.4, pp.326-336.

(8) Doong S. H. and Socie D. F., (1991), Constitutive Modeling of Metals Under Nonproportional
Loading, Trans. ASME J. Engng. Mater. Technol., Vol.113, No.1, pp.23-30.

(9) Itoh T, Sakane M, Ohnami M. and Socie D. F., (1995), Nonproportional Low Cycle Fatigue
Criterion for Type 304 stainless Steel, Trans. ASME J. Engng. Mater. Technol., Vol.117, No.3,
pp.285-292.

(10) Doong S. H., Socie D. F. and Robertson, I. M. (1990), Dislocation Substructures and
Nonproportional Hardening, Trans. ASME J. Engng. Mater. Technol., Vol.112, No.4, pp.456-465.

(11) Itoh T., Sakane M., Ohnami M. and Ameyama K., (1992), Additiona Hardening due to
Nonproportional Loading (A Contribution of Stacking Fault Energy), MECAMAT'92, Proc. Int.
Seminar on Multiaxial Plasticity, France, (Benallal et al. eds.), pp.43-50.

(12) Kanazawa K., Miller K. J. and Brown M. W., (1979), Cyclic Deformation of 1%Cr-Mo-V Steel
Under Out-of-Phase Loads, Fatigue Engineering Materials and Structures, Vol.2, No.2, pp.217-228.

(13) Itoh T., Sakane M. and Ohnami M., (1994), High Temperature Multiaxial Low Cycle Fatigue of
Cruciform Specimen, Trans. ASME J. Engng. Mater. Technol., Vol.116, No.1, pp.90-98.



	Notation
	Introduction
	Experimental Procedure
	Experimental Results and Discussion

	Definition of Stain and Stress Ranges
	
	
	Nonproportional Low Cycle Fatigue Life
	Stress under Nonproportional Straining

	Nonproportional LCF Strain Parameter


	Conclusion
	References


