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ABSTRACT

The effect of cold forming under different
strain states on the strain-controlled fatique
properties of three hot-rolled sheet steels,
ranging in thickness from 2.4 to 3.3 mm, was
investigated. ‘The steels were: a Dual Phase 80
steel (AISI S0DF), a 50-Ksi minimum yield-
strength HSLA steel (AISI 50XF), and, as a
reference, a drawing-quality low-carbon aluminum-
killed steel (AISI 1006), These steels were
deformed to various strain levels (effective
strains ranging from ¢ = 0,04 to 0.6) using
different modes of deformation to produce strain
states similar to those found in formed parts:
uniaxial tension, plane-strain deformation (cold
rolling), and in-plane balanced biaxial stretch-
ing. Monotonic tension tests and strain-
controlled fatigue tests were performed after
deformation and also in the as-received, unde-
formed condition.

At long lives (longer than 104 to 103 rever-
sals), the fatique life was increased by prior
deformation, whereas, at short lives, the fatigue
life either remained the same or was reduced,
depending on the mode of prior deformation and on
the steel. The cyclic yield strength increased
with the amount of prior deformation but less '
rapidly than the monotonic yield strength,
reflecting the increased cyclic softening asso-
ciated with the cold-worked microstrugtures.

HIGH-STRENGTH LOW-ALLOY (HSLA) hot-rolled sheet
steels are used extensively to produce structural
parts by cold forming. Since large amounts of
deformation are often involved, the resulting
mechanical properties can differ significantly
from those of the as-received material. As a
result, design procedures utilizing data measured
on the as~hot-rolled material may not be suitable
for predicting the fatigue-life performance of

formed parts. Thus, it is necessary to know the
fatigue properties of the material after forming,
The effect of prior:-deformation on the
fatigue behavior of sheet steels has received
some attention in recent years {1-6],* and is of
continuing interest [7]. Fatique properties have
been determined after prestraining by simple ten-
sion [2~6],. cold vrolling {2,3,5], bending and
unbending .{4], and in-plane biaxial stretch-
ing [1}. 1In general, the effect of prior defor-
mation on long-life behavior was found to bhe
distinctly different from that on short-life
behavior.
At long lives (generally greater than 104 to
105 reversals), for many of the steels investi-
gated (yield strengths from 30 to 80 ksi), the
fatigue life generally increased as a result of
prior deformation [1-5], However, a definite
increase in fatique life was not clearly observed
in all cases [2~4,6]); for exanple, the fatigue
life was shortened by prior deformation in some
steels [2]; also, in most steels, the fatigue
life appeared to be little affected when the
amount of prior deformation was either small
(<10% strain) [4,6] or very large (approximately
95% strain) [3]. The mode of prior deformation
was reported to influence the fatigque life. For
example, compressive prestrains produced by roll-
ing were claimed to be less detrimental to the
fatigue life than tensile prestrains produced by
uniaxial tension [2].
At short lives (generally less than 104 to
10° reversals), in most steels and for most types
of prior deformation investigated [1,2,4,5], the
fatique life (strain life) either decreased or
remained the same as a result of prior deforma-
tion. However, in one instance [2] (a hot-
rolled, low-carbon steel prestrained in tension),
an increase in fatigue life with prior deforma-
tion was observed at very short lives,
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* NMumbers in brackets designate References at end
of paper.



thet is, at- Jarge total'-sttain amplitudes Table 2. Note that because of the difference in

(Ae /2 - 2Ny yielding behavior between 1006 and 50XF steels
A large munt of ‘ayclic SOftﬂﬂiﬂgr ~measured . (discontinuous versus continucus yielding, re-
at an offset atrain of 0.2 percent, has normally spectively), the difference in yield strength

been observed after prém Marm ion ':&egaré;laas - /between the two steels [approximately 70 MPa
of the cyclic bahavicr in gthe undeformed céndi= - (10 k$i)] was less than the difference in tensile
tion (1,2,5,6). 1In the unc\efcrmﬁ&&ccndition, L ‘i&trength [dpproximately 105 MPa (15 ksi)l., To.

most steels cyclicslly eoftened [1,2,5], while .~ prevent straip aging in the 1006 steel, the

some cyclically hardened: [2] or remainéd cyeli~" . 'gheats ahd. test ‘specimens were stored at O°F

cally stable [6], After prestraining, cyclic B mrouqhout the program, The monotonic tensile

hardening was observed.in one instance. {21, o -7 pﬁmpgrtiss of the two coils of BODF were similar.
The main purpose of this invastigatim ' e PREPRRAT‘ION OF DEFORMED SAMPLES - The SOXF

to document the influence '6f the amount of. mioz)» . ;md 1006 stesls were deformed to three levels of

deformation (effective st::aiﬂp Egpgs VP t0 0.6) effactive strain, * g nominally 0.2, 0.4, and

produced under various strair statés typical of -+ 0i6; in two deformatfon ‘modes: in~plane balanced
those encountered in sheat: fcrming, Figure Ay on bj,aagia; stretching (BBS), and cold rolling (CR). =
‘ , S L The: BODF steel was deformed in balanced biaxial
: atretching to: = 0,16 _and in uniaxial tension
(ur) to €, g 54, 0.05, and 0.08, In all
cages,. large samples of the cut-to-length sheets
ware deformed, as described below, and then the
E . test specimens were machined from these samples.
PWEW(CQLB MLNG) . e ‘samples were electrochemically gridded with

{e>0, g,no) . 2.8 or S—a\m-ﬁameter circles before deformation
UNIAXIAL ‘ to measure the principal surface strains, € and.
-TENSION: ) from which Eqgs Was then calculated,
S In-plane balanced biaxial atretching wag
\ ) produced by the technique first proposed by
-\ Marciniak, et al. [8]: a cylindrical flat-bottom
\ L punch is used, and an auxiliary blank containi.ng

a_central circular hole is placed between the
punch and the sheet to be stretched, Perfectly

"""’“:L ;resusm saf%é?uﬁo.;:}?:) - flat, 76-mn-diameter (3 inch) samples essentially
12 R " 1" free from atrain gradients were produced with
mm € ' strains up to €,c¢ = 0.6 in near-balanced biaxial
stretching (1 < € /€y < 1,17 for the various sam-
Fig. 1 - Thmddombnmodnluucﬂmd ndtflnodbywrfm ples produced).

strains, ¢, and ¢, Cold rolling parallel to the hot-rolling

‘ direction was produced in 200-mm-wide (8 inch) ‘
the strain-contrOLLOd fatigue properties of three -samples of AISI: 50XF and 1006 using a laboratory

hot-rolled steals c& different strength levels: mill with 216-mm-diameter (8.5 inch) work rolls,
two vanadium-bp&xinq, raze—aarth—treated, HSLA - The bulk of the 50XF steel was rcllad to effec~
steels (AISI 50XF and AISI 80DF) and a refarence, tive strains of 0.2, 0. 3, and O, 57, but . _the mono<
lower strcngth "dr;,uinq quality, special killed" tonic tension specimens were taken from mterial
steel, DQSK. (AISI 1006), In addition, the effect rolled to €,ce = 0.2, O. 33, and 0.57, “The 1006
of prior dcformtiun on tm _monotonic tensile : - steel was roﬁed to effective strains of 0.9,

0.38, and 0. 61.

Uniaxial tension in the BORF steel was_ pro-
duced in. large samples, 300~ to 380-mm (12 to -
15 inches) wide by 1200-mm (48 inches) long, that

properties was also cbtaix,pd,

was generated bi‘
and for each comby

specimens), and 2) mony

, * The ‘isotrcpic‘effective strain, ff, which, in
strain curves, Al

‘the case of proportional sttaining, can be

machining the ori defined by:
received specimens E
EXPERIMENTAL METHODS ‘ Cags = /5,-/_3 »[(81 = 6)° + ey - €3)

, - (1)

MATERIALS - Cut-to=-length
three steels were obtained i (
oiled condition. ‘The chanical cox\pouitions are

L CNE )2]1/2

shown in Table 1., Sheets from single coils of is used here as a commoh. measure of the overalll
1006 and SOXF were tuted, vhereas sheets from amount of ‘deformation in’ comparing the various
two coils of SODF were tested, The tensile prop- strain states. €qs 52' and €3 are ‘the princi-’

erties in the as-received condition are shown in pal strains.
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Ft ?ap;e~1 g;Chemiqal Compositions of the Three Steels (in Weight Percent)

- - Al
Steel Qs Mn . si s . P N (Total) Cb v Ce
AISI 1006 0,057 0,25 0,005 0,015 0,007 0,005  0.039  <0,005 <0,002 <0.001
AISI 50XF 0.11 0.68 ’ 0,48 0.014 0,004 0,007 0.055 <0,005 0,017 0.015
arst soor(!)
Sheet 1 0,12 1,55 0.64 0.010 0,009 0.007 0.062 - 0.046 0.017
Sheet 2 0,12 1.72 0.57 0,012 0.006 0.007 0.063 - 0.043 0.017
(1) Sheet 1, 18.7% martensite; sheet 2, 17.7% martensite
Table 2 - As-Received Tensile Properties (2-Inch Gége Lenéth speéimens)(1)
: . " Total
Thick- Yield Tensile Yield Point Uniform Elongation
ness, Specimen Strength, Strength, Elongation, Elongation, in 2 Inches,
Steel mm Orientation MPa MPa % % %
AISI 1006 3.0 {Longitudinal 278(2) 367 0.95 20.8 38.5
) Transverse 295 365 1.6 1841 33,5
AISI 50XF 3.1 Longitudinal 366 469 0.0 19,5 31.5
Transverse 347 462 0.0 19.4 32,0
AISI 80DF
Sheet 1 2.4 Longitudinal 403 667 0.0 19,3 33.5
Sheet 2 3.3 {Ldngitudinal 408 664 0.0 17.2 30.5
Transverse 43 652 0.0 16.2 30.0

(1)
(2)

Conversion Factors:
1 ksi = 6'89MP3
1 inch = 25,4 mm

were stretched parallel to the hot-rolling direc-
tion in a large-capacity tensile machine.

Figure 2 shows the orientations of the test
specimens with respect to the hot-rolling direc-
tion (HRD) and to the axes of the cold deforma-
tion for the threes ‘modes of deformation: 1In the
case of uniaxial tension (80DF: &teel), tests were
conducted both parallel and perpendicular to the
direction of prior tension to- investigate anlsot-
ropy effects.

The tensile and fatigue properties after CR
and after BBRS were measured in the HRD, that is,
parallel to -the ymicr #anslile strain.: ‘Transverse
properties were -not neasured after these. two
modes of deformation because previous work had
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Each reported value is the average of two or three tests.
A very small upper yield point was observed in these specimens.

shown 1) that the fatigue life exhibited essen-
tially no anisotropy in various HSLA sheet steels
containing different types of inclusions [4,6,9]*
and 2) CR-and BBS, in low-carbon and HSLA steels,
produced only a small deformation-induced yield-
strength anisotyopy or none at all [10]. Because

* Steels with 50-ksi minimum yield strength
containing either manganese silicates and
manganese sulfides or alumina and zirconium
sulfides (4], SODF steel containing alumina
and rare-earth sulfides [6], and 50-ksi minimum
yield-strength steel (50XF) containing alumina
and rare-earth sulfide inclusions (9],

.
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Fig. 2 - Modes of deformation and spacimen orientations investigated. { HRD indicates the hot rolling direction, S and T signify strain-controlled

fatigue-test specimens and tension-test specimens, respectively

a yield-strength anisotropy was previously
observed after UT, the tensile and fatigue prop-
erties were measured both parallel and peérpendic-
ular to the HRD,

MONOTONIC TENSION TESTS AND FATIGUE TESTS -
The monotonic 0.2 percent offset yield strength
(0.2MYS), tensile strength (TS), uniform elonga-
tion, and total elongation, were measured in the
undeformed condition parallel to the hot-rolling
direction and also for each mode of deformation
and specimen orientation as a function of ¢ ’

) ! eff

using the specimen shown in Figure 3.

=

c ]
- A > Sheet
Thickness
’Dimensions, mm
A B [o] D E F
50to 75 Approx. 8.64 940 457 127
12t0 25
1inch = 25.4 mm 7.

Fig. 3 - Specimen used for tension and fatigue tests

Strain-controlled fatigue tests were con-
ducted with the same specimen in accordance with
ASTM practice E606-80 [11] to obtain the strain-
life curve corresponding to each combination of
deformation mode, prior strain level, and speci-
men orientation (Table 3). The tests were per-
formed under constant-amplitude, completely
reversed, sgtrain-controlled, axial-load using
hydraulic, closed~loop, testing machines and
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Wood's metal grips. Total strain, measured by an
extensometer with a 7.6~mm (0,300 inch) gage
length, was the control parameter., For each com-
bination in Table 3, tests were generally con--
ducted on duplicate specimens at the followi&g
nominal Sgtalistrain Egplitudes: -0.75_§ 104,
0.5 x 10 %, _0.25 x 107, and 0.15 x 10"%, or
0.125 x 1072, The extensometer was mounted with
the knife edges against the machined sides of the
specimen, not against the sheet surface., The
strain-time wave form was sinusoidal with the
first half cycle positive. To minimize the
strain-rate variation between the tests conducted
at the different strain amplitudes, the sinusoi-
dal frequency was. increased from 0.2 to 3 Hz as
the nominal strain amplitude was decreased,
resulting in average strain rates ranging from
0.6 to 1.5 see” ', For each specimen, the stress-
strain response was recorded during the initial
loading and during the first few strain cycles.
Then, hysteresis loops were recorded periodically
throughout the test to monitor the cyclic
responge to obtain the half-life values of the
various cyclic parameters described later. The
tests were terminated either when a fatique crack
corresponding to a drop in load of about 20 to

30 percent was detected (presence of a cusp in
the hysteresis loop) or after 2-million reversals
(runout specimens).

For each specimen, from the hysteresis loop
nearest half-life, the total-strain range, Aet,
was partitioned into its elastic and plastic
components, Ag, and Ae  as shown in Figure 4
[13]. The modulus of glasticity, E, and the
stress range, Ao, were also obtained from the
same hysteresis loop.

The strain-life behavior was examined by
plotting the total~strain amplitude, Aet/z, vers
sus log(ZNf),* the number of reversals to failure

* Aet/z, rather than the more commonly used
log(Aet/2), was plotted to better show small
differences in behavior.
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- Table 3 ~ Testing Program Summary

‘Peformation Mode

ATISI B0DF Steel

*: ST 1006 and ALSI 50XF Steel

Nominal FTT = "fn-Plane Balanced''' = Uniaxial  In-Plane Balanced' '
Effective Rolling ' Biaxial Stretching Tension Biaxial Stretching
Strain level “{ER): . (BBS) (ur) (8BS)
0.0 K K- R S - - -
0.04 to 0,08 e B - » T,$ -
0.2 - T8 . T,8 o - T,
0.4 - 1,8 7,8 : - -
0.6 T : 7,8 T,8 - -

& D]

Aill the test specimens were or;ented parallel to the HRD except in AISI 80DF in the undeformed

condition and after uniaxial tension; in which cases they were oriented parallel and perpendicu-
lar to the HRD, i.e., parallel and perpgndicular to the direction of prior tension (see

Figure 2).

T: Tension tests,
S: Strain-controlled fatigue tests.

o

Fig. 4 - striu-nuin hysteresis diagram

for each condition shown in Table 3 .and these
strain-life plots were coripared vigually to
assess the effect of prior deformation. Also,
regression equations relating the elastic and
plastic strain amplitude, &g /2 and ‘Ae_/2, to
2Ng, were obtained by fittlng straight lines* to
the data pairs log (&g o/2)s 1og (2Ng) And log
(Aep/z), log (2Ng) using the least-gquare method.
The regression equations are:

be, o : - [
log—é——sb‘log‘ (Zﬂf) + logi;—f (2)

* Previous work . [6) had shown that for undeformed
steel, the fit of strain-life data by a
straight line was as good as by a sixth-ordar
polynominal.

Ae

log —32 = ¢ log (ZNE) + log (eg) (3)

The strain-life fatigue constants b, cE, (B
€ where b = fatigue strength exponent, of =
fatigue strength coefficient, ¢ = fatigue duc~
tility exponent, and e¢ = fatigue ductility
coefficient were  thus obtained both in the
deformed and undeformed conditions. Combining
Eq. (2) and (3), the total strain amplitude,
be /2 = beg/2 + Aep/z, is given by:

and

Aé ol ’
t £ b
.._,.E_ (2Nf) +

3 (4)

P cC
e (2Nf) .

Cyclic ‘stress~strain curves for each condi-

“tion in Table 3 were constructed using the rela-

tionship:
Aet . Ag . Ao 1/n )
2 2E 2K~

where K”“, the cyclic strength coefficient, and

n’, the cyclic strain-hardening exponent, are

" determined from linear-regression fits of the

data pairs Ag/2 and A€ /2 according to the rela-

-~ tionship:
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Ae
log éﬂ = n’ log <752> + log K”, (6)
Each cyclicysﬁiess—strain curve was then
compared to the corresponding monotonic stress-
strain curve to assess the effect of cyclic



‘Table 4

Mode of Spccim&n iR
Deformation _Orient&tﬁon
Undefbrm;d ‘thgitudinal
Balanced ;-',
Biaxial - Longitudinal
Stretching
Cold Rolling Longitudinal
Undeformed Longitudinal
Balanced [ P
Biaxial Longitudinal
Stretch%ﬁq,' B

Cold Rolling

Undeformed

Balanced
Biaxial
Stretching

Uniaxial
Tension =~

. Longitudinal

{Longitudihal(z’ L

Transverse

Longitudinhl

Tr ans Vt!'ﬁ!

Efsztive

K '0 . 30

‘Loﬁg;tudinai’“*

0.2
0.4
10.6

»

"‘6557

i ’“9.05’"”‘

' o.ea

(1)  2.00-inch gage 1ength -pecimens
(2)  Average of both sheets (Table 2)

Conversion‘Factorz“J'
1 ksl = 6.891HP;L B

ﬂiar for the b

tf

475
557
579

495
534
586

AISI 50XF

34

579
644
661

553
575
673

" azsz_sopr(1)

406
431

726°

579
624
659
515

REdeTé - POSTFORMED TENSILE PROPERTIES

The monotonic yield ‘strepngth, tensile

Tenaiie
i Stmmgth,

350
502
564
583

514
562
617

an

606
675
713

564
628
696

6

652

8137

683

690
697
891

Eétength, uniform elongation, and total elonga-
fcr “the three steels after the various modes
,daformation a afshown in\Thble 4 .

Total

Uniform Elongation
Elongation, in 0.3,Inch,;&f
s [ Y.

21.2 56.4
1.2 27.4
0.9 20.4
007 ) 16.0
0.4 27.8
0.8 21.7
006' 15.8

23,1 52,9
1.4 27.8
1.8, "19.6
1.7 15.4
1.6 29,2
1.7 24.0
1.1 16.6

.2 32.0
o2 30,0

2.0 1.8

10,2 23,0
5,6 23.0

18,5

k2 :



AISI 1006 STEEL - Both the yield strength
and the tensile strength are essentially the same
for the .two modes of deformation and they both
increase rapidly with the amount of deformation,
Figure 5. The strain hardening capacity
decreases rapidly initially, as evidenced by the
rapid increase in the yield-to-tensile ratio,
Figure 5. The uniform elongation also decreased
rapidly between ¢ ££F = 0 and ¢ £ = 0.2; the
total elongation gecreases more gradually with
prior strain, Table 4.

STRESS, MPa STRESS, ksi
0 Undeformed
& Cold Rolling
soop © Bal- Biaxial aT1s 190
Stretching
0.2 MYS <
i 470
0.2CYS .
400
450
FS
200} a 130
0 0.2 04 0.6

EFFECTIVE STRAIN, ¢4

Fig. 5 - AISI 1006 steel-mechanical properties after deformation
as a function of prior effective strain

AISI S50XF STEEL - The effect of prior defor-
mation on the postformed tensile properties was
generally similar to that observed for 1006
steel, Figure 6 and Table 4, Interestingly, the
postformed uniform elongation was slightly larger
in 50XF than in 1006 steel; the postformed total-
elongation values for the two steels were nearly
identical, Table 4.

AISI 80DF STEEL - The postformed’yield
strength in the direction of prior tension, after
uniaxial tension, appeared to be the same as
after BBS, Figure 7. In the direction normal to
the prior tension, the yield strength was much
lower, a Bauschinger-type effect. In contrast to
the yield strength, the tensile strength exhib-
ited no anisotropy after uniaxial tension, i.e.,
the yield strength was the same parallel and per-
pendicular to the prior tension. Interestingly,
the tensile strength appeared to be much higher
after BBS than after UT, even though the yield
strength was the same, suggesting a dependence of
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STRESS, MPa STRESS, ksi
L) | § ¥ L J
0 Undeformed
L o Ts
a Cold Rolling <4100
o Bal. Biaxial
Stretching o
600 | 9
180
a00} 1%
440
A
200 1
2 Y 2 2 20
0 0.2 04 06

EFFECTIVE STRAIN, €4

Fig. 6 - AIS1 BOXF steel-mechanical properties after deformation as
a function of prior effective strain

STRESS, MPa STRESS, ksi
T T r T 120
800
v Undeformed
i 4100
o Uniaxial Tension
o Bal. Biaxial A
6oof Stretching
(Trans) 180
5 Solid Symbols,
Specimens Transverse 9
to HRD
oot 160
440
200 M " 2 S |
0 0.2 0.4 0.6

EFFECTIVE STRAIN, €

.Fig.7 - AlSI 8ODF steel-mechanical properties after deformation as
a function of prior effective strain



the residual strain hardening capacity on the

mode of prior deformation,

RESULTS . - STRAIN~LIFE BEHAVIOR-

The effect of mode and amount of deformation
on the strain-life behavior of each steel was
assessed by comparing: the strain-life. plots
before ‘and after deformation. ' For clarity,

individual data are not shown for the undeformed

material but bands including all the data points

were drawn.

The constants for Bj.

(4) are listed

in Table 5 for the three steels for each deforma-
tion mode and effective-strain level investi-

gated.

These constants were used to calculate
the total strain amplitude at a life of 2 x 10°

reversals for the various modes and amounts of

deformation.

Tabte 5 ~ Straln-Life Fatigue Constants and Fatigue Strength

After the Variaus Modes of Prior Detormation

Strain Life Fatlgue Constants

Plastlic-Straln vs Réversa!s

Elastic-Straln ys ReVerals

From these values of total strain

Fatigue Strength

Slope, ¢ . - Intercept, € Slope,. b at 2 x 10° Reversals, FS
Nominal® - (Fatigue - (Fatigue (Fatigue Intercept, Total-Strain
Mode of Spec imen Effective Ductilfty. Ouctility Strength (o;/E), Amptitude
Deformation  Orlentation Straln Exponent) Coefflcient)  Exponent) x 107 x10” Stress, MPa
AlS| 1006 Steel
Undeformed Longitudinal 0.0 -044543 0.1564 «0.1172 3.5483 0.86 131,
Balanced 0.2 ~0.6314 0.6029 =0.0680 2.8352 112 220
Blaxial Longitudinal 0.4 =-0.7095 0.9527 =0.0777 344433 1.15 234
Stretching 0.6 -0.8932 2.7123 =0.0737 3.607 1-24_ 255
0419 =-0.5183 0.2354 =0.0701 2.9063 1.18 208
Cold Rotling  Longltudinal 0.38 ~0.6557 0.5902 -0.0816 345334 1.13 207
0.61 =0.5571 0.2301 =-0.0879 4.2062 1.25 251
AlS| SOXF Steel
Undeformed Longl tudinal 0.0 =0.5676 0.4239 -0.1181 4.3622 0.90 165
Ba!anéed 0.2 «0.7152 1.1384 -0.0758 349551 135 ) 269
Biaxial Longitudinal 0.4 =0.5353 .0.1007 =0.0729 4.1180 1447 296
Stretching 0.6 =0.6582 0.3267 ~0.1018 5.6741 1.32 269
0.20 =0.6388 0.7000 ~0.0921 4,3220 1.20 238
Cold Rolling Longltudinal - 0.30 -0.5367 0.2136 ~0.0835 4.2114 1.34 272
0.57 =0.5314 0.1651 ~-0.0842 5.1189 1.58 307
AlS| 80DF Steel
Undeformed {Longl+u§lnal 0.0 -0.6880 0.9783 =0.1096 5.568 1.18 234
Transverse 0-077 =0.6978 049480 =0.0973 5.050 1.27 248
Balanced
Bi axi al Longl tudinal 0.16 ~-0.0041 2.4168 ~0.1089 64835 1+42 291
Stretching .
Longl+udinal 0.04 ~0.6988 140523 ~0.1067 54333 1.18 240
Unlaxial Longttudinal 0.05 =0.6812 0.9021 =0.1221 6.530 1.16- 239
Tenslon Longi tudinal 0.08 ~0.6836 0.9997 =0.1056 5.886 1.32 258
: Transverse 0.08 3.5740 ~0.1011 5.596 1.30 255

Conversion Factor:
1 ksl = 6.89 MPa

-0.8636
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amplitude, the corresponding stresses were
obtained using Eq. (5) (cyclic stress-strain
curves). These stress values, which are the
fatigue strength at 2 x 10° reversals, FS, are
shown in Table 5 and plotted in Fiqures 5 to 7.
AISI 1006 STEEL - The strain-life plots for
the two modes of deformation are shown #n Fig-
ures 8a and 8b along with the data band for the

8 ) L ¥ L)
% TN o Soff_
= L 402 -
] °04
s of 006 .
= .
[=]
2 - §
i Band for Undeformed
s ab Specimens d
<
Z
< L <
o«
%
2 2} .
'—
O
h Il A 2
103 104 108 108
REVERSALS TO FAILURE, 2N;
Fig. 8a - After balanced biaxial stretching
”
2 8 v ¥ L | L
x ot
9 - 202 4
W
| ° 0.4
“Q-f 6 0 0.6 -
>
-
= - 4
¢ Band for Undeformed
< Specimens
2 4Ar b
P~
o«
& 5 .
-
<
'—
e 2¢ Runouts?
. \ X

104 108 108
REVERSALS TO FAILURE, 2N,
[

108

Fig. 8b - After cold rolling

Fig. 8 - AIS! 1006 steel-straindife curves after deformation

undeformed material. The effect of balanced
biaxial stretching on fatigue life was as
follows: _at large strain amplitudes (Ast/z >~
2.5 x 10'3), the fatigue life remained approxi-
mately the same or decreased slightly when com-
pared to that of the undeformed material; in

contrast, at small strain amplitudes the fatigque
life increased as a result of the prior deforma-~
tion. Howeveyr, no clear correlation was observed
between the fatique life and the level of Eoff?
Table 5.

After cold rolling, the fatigue life was
approximately the same as in the undeformed mate-
rial at large strain amplitudes (short lives) but
it was longer at small strain amplitudes (long
lives). Thus, unlike BBS, CR appeared to cause
no reduction in fatique life at short lives.,
Another difference between the two deformation
modes was that the scatter of the data was larger
after BBS than after CR. Thus, BBS was somewhat
more detrimental to the fatigue life than CR.

The fatigue-strength values at 2'x 108
reversals, determined using the fatique-life con-
stants and the cyclic stress-strain curves, are
shown in Table 5 and plotted in Figure 5. The
fatigue strength generally increased with the
amount of deformation.

AISI S50XF STHEEL -~ Although the effects of
prior deformation by BBS or CR on the strain-life
behavior of 50XF, Figure 9, were generally
similar to those in 1006, some specific
differences were apparent: 1) the effect of
prior deformation was stronger for 50XF than for
1006 in that both the decrease in life at large
strain amplitudes and the increase in life at
small strain amplitudes were greater in 50XF than
in 1006; and 2) the strain amplitude below which
the fatigue life was increased by prior deforma-
tion appeared to be somewhat larger in 50XF than
in 1006 (compare Figure 9 to Figure 8).

AISI 80DF STEEL - In this steel, the fatique
life appeared to remain unchanged or to increase
very slightly as a result of deformation, at
least for the effective strain levels investi-
gated, Figure 10, Also, the fatique life
appeared to be unaffected by the mode of
deformation and the specimen orientation. The
strain-life fatigue constants before and after
deformation are shown in Table 5., No statisti-
cally significant differences were found between
these constants [6,19],

The fatigue limit of the BBS specimens is
significantly lower than what would be expected
based upon the tensile strength, an indication

" that BBS may be more damaging than UT,
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RESULTS - CYCLIC STRESS-STRAIN BEHAVIOR

AISI 1006 STEEL - The cyclic stress-strain
curves for 1006 for the various modes and amounts
of deformation are shown in Figures 11a and 11b.
These curves were constructed by evaluating
Eq. (5) using the values of K and n” shown in
Table 6. Also shown in these fiqures for com=-
parison are the corresponding monotonic stress-
strain curves. As can be seen, both the cyclic
and the monotonic 0.2 percent offset yield
strengths (0.2CYS and 0.2MYS, respectively)
increased as the amount of prior strain in-
creased. Further, it can be seen that cyclic
softening occurred for all conditions, including
the undeformed material., These results are also
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shown in Figure 5 in which the 0.2CYS and the
0.2MYS ‘are seen to be essentially independent of
deformation mode and to increase approximately 21
and 28 MPa (3 and 4-ksi), respectively, per

0.1 increase in effective strain beyond €

0.2, Figure 5 also shows that the amount og
cyclic softening is far greater in the deformed
condition than in the undeformed.

The degree of softening can also be seen in
Table 6 which shows the 0.2CYS and 0,2MYS values
as well as their ratios. The ratio between the
cyclic and monotonic yield strengths for the
deformed material is approximately the same
regardless of the mode and amount of deformation
(0.2CYS/0.2MYS ~ 0.61) and it is smaller than for
the undeformed material, (0.2CYS/0.2MYS = 0,8),

As seen in Table 6, a large decrease in both
the cyclic strain hardening exponent, n”, and the
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indicating that SO0XF cyclically softens slightly
less than 1006,

In 50XF, both n” and X* decreased with the
initial deformation to e = 0,2, as in 1006,
Table 6, With further degormation, however, in
contrast to 1006, a definite pattern was observed
in the variation of K”; K” increased signifi-
‘cantly with increasing prior strain.

AISI 80DF STEEL - The cyclic and monotonlc
stress—-strain curves for this steel are shown in
Figqures 13a, 13b, and 13c. The 0.2CYS and 0.2MYS
values are listed in Table 6 .and plotted in Fig-
ure 7. The undeformed material is essentially
cyclically stable in the longitudinal direction
and exhibits minimum cyclic softening in the
transverse direction--the 0,2CYS/0,2MYS ratio is
0.99 and 0.94 in these two directions, respec-
tively (Table 6), Both the 0.2CYS and 0,2MYS
increased as a result of deformation, Figure 7,
but a larger amount of cyclic softening occurred
after deformation. The anisotropy observed in
the monotonic yield strength after uniaxial ten-
sion was completely eliminated by cycling and was
not present in the cyclic yield strength. The
0.2CYS/0.2MYS ratio after uniaxial tension is
about 0.67 in the direction parallel to the prior
tension and 0.86 in the transverse direction
(less cyclic softening).

The cyclic stress-strain constants, Table 6,
do not appear to vary in a predictable manner as
a result of deformation,

(4

SUMMARY. AND CONCLUS IONS

The effect of cold forming under different
strain states on the strain-controlled fatigue
properties of two hot~-rolled, vanadium bearing
“HSILA steel sheets (AISI S80BF and AISI 50XF) was
investigated and compared with that of a refer-
ence steel, AISI 1006, Three strain states were
studied: balanced biaxial stretching (BBS, pro-
duced by in~plane stretching), plane strain
deformation (produced by cold rolling, CR), and

STRESS, MPa

STRESS, ksi
T —T v T T T T v
Uniaxisl Tension— - Uniaxial Tension—
L Longitudinal e Transverse
490
600 | =
,-0.08 |
X I
e 470
e p 9.00
400 f S LI
P -
450
200 1 w1
i i x " N N " N N " N
0 2 4 [} 0 2 4 8
STRAIN, 1 x 103
STRESS, MPs STRESS, ksi
800 T T v T T
Balanced € = 0018 Jqq0
Bisxial : s
> Stretching Vid 4
4
/
I’
’ <90
800 rd

470

400 |
{50
===~ Monotonic
200 b e Cyclic 430
{c}
0 2 4 [
STRAIN, 1x 103

Fig. 13 - AISI 80DF steel-monotonic and cyclic stress-strain curves
before and after deformation

uniaxial tension (UT). Effective strain levels
ranging from 0,04 to 0.6 were investigated. Cold
rolling and uniaxial tension were conducted so
that the positive (tensile) principal surface
strain was parallel to the hot-rolling direction,
HRD. After deformation, the specimens were
oriented parallel to the HRD, that is, parallel
to the prior tensile surface strain; in addition,
after UT they were also oriented transverse to
the HRD to assess possible anisotropy effects due
to the cold deformation.

The main conclusions are:

® Effect of Prior Deformation on the Total-

Strain versus Life Behavior

1) At small stgain amplitudes (lives
longer -than 104 to 10~ reversals), the prior
deformation produced an increase in fatigue life,
in all three steels.

2) At large strain amplitudes (lives
shorter than 104 to 105 reversals), some differ-
ences were observed between the three steels:
the fatigue life remained approximately the same,
or was decreased by prior deformation in 1006; it
was decreased more markedly in 50XPF; and it
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ap@earad - rwmain the same . or:increased slightly
in QOBF-

3} The change in fatigue life (decrease or
increase) caused by the prior deformation was
generally greater in SOXF than,in 1006,

4) The effedt of the mode of prior defor-
mation on fatigue lifa was relatively small.
However,

a) Balanced biaxial stretching appeared
to be somewhat more detrimental than cold rclling
at large cyclic strain amplitudes.

b) Cold rolling -produced less scatter
in fatigue life at all strain amplitudes than
balanced biaxial stretching.

5) No systematic relationship was observed
between the level of prior strain and the magni<
tude of either the decrease or the increase in
fatique life. }

® Bffect of Prior Deformation on Monotonic

and Cyclic Yield Strength-

1) The 0.2 percent offset monotonic yield
strength, 0.2MYS, increased with increasing prior
strain for all modes of deformation. For a given
level of prior strain, the 0,2MYS was within the
same scatter band for the BBS, CR, and longitudi-
nal UT specimens (specimens parallel to the prior
tension). In contrast, the 0,2MYS was much lower
for the transverse UT specimens.

2) The 0.2 percent offget cyclic yield
strength, 0,2CYS, also increased with increasing
prior strain for all deformation modes, although
at a slower rate than the 0,2MYS. However, the
anisotropy observed after UT in the monotonic
yield strength was not present in the cyclic
yield strength.

3) In the undeformed condition, cyclic
gsoftening occurred in 1006 and 50XF steels while
80DF was essentially cyclically stable.  After
deformation, cyclic softening occurred in all
three steels.

In general, the rather significant effects
of the magnitude of the deformation on cyclic
strength were not reflected in significant
changes in the effect of the amount of deforma-
tion on the strain-life properties.
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