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The improvement of fatigue behavicur oy shot peeaing 15 due to two
causes

- residual comprassive stresses and

- increase of surface hardness

with the former being the more important at least for high strenath
materials. Against this, we have the deleterious effect of high surface
roughness.

Repeated stresses are aise known to alter the residual COmpressive
stressess how much, wilil depend on the sequence, magnitude and number
of these applied stresses. Applied stress amplitudes and mean stresses
may in addition sel up compressive or tensile residual stresses of
their own and may alsc altar the orginial yield strength of the
miterzal in question: how much, will agein depend on their marnitude,
seguence and number (this is in fact the basis of the so-called notoh
roat demage accumslation hypotheses),
Ay will be wunderstood from the above, the nuantitative effact of
shotpeening, combined with that of the applied stresses, on fatique
beravieur 1s a vary complex one and it §s ¢ifficult - if rot imnoss ibla-
to read across from one fatigue test program on shot peening ta another.

A Tew qeneral observations, however, may be in order here:

Unnotched areas of components are usuaily not fatiove critical; it
is rather the notched sections which ave,
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Also, the_lgggl stresses due to the service loads are higher in the
roughﬁess an fatigue 1ife 15 tess deleterigus in notched than in
unnotched sections. Therefare the actual shot peened components
{containing notches) should preferably be tested, if the results of
the fatigue tests are to have any cquantitative applicability to the
actual seryice behaviour of the component.

If the components themselves carnot be tested (e.g. due to cosi) at
least notched specimens with similar stress concentration factors
should be used and the actual stresses due to service loads should
be simulated as cleosely as possible

Tne latter aspect means that a meaningful fatigue test program reguires
prior knowledge of the asnlication of the results. Two examples:

- R shot peened component which sees a practically
unlimited number of nearly constant amplitude cycles
in service, e.¢. a crankshaft, has to be tested near
the fatigue Timit.

- A component for a tactical aircraft, which sees only
about 145 cycies of variable amplitude leading during
its lifetime, should be tested under such a stress
spectrum.

Taking the above aspects intg account, the foliocwing tesi program was

put into operation hy the author as part of a larger cooperative
programm on shot peening of the titanium alloy Ti 6-4.

2. Test Program

2.1 HMaterial and Test Specimens

The static properties and the compositien of the material are shown in
Tahle 1, the four point bending specimens in Fig. .

Chemical Composition and Static Properties
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the unnotched specimens were neaded for comparison with the resuits
of the ather partners in the coaperative programm.

The notched specimen was designed to the following requirements:

On one hand the notch root hat to he 3 0,5 mn decause of the envisaged
shot size for Ti & - 4, of 5 170 (0,5 mm}. This refatively large
radius was also exnected to be easier to machine without resfdual
stresses, a futile hope as it turned out later.

On the other hand, a stress concentration factor typical for modern,
aircraft design was desived, j.e. Ky = 2,0 to 2,5, At the sheet
thickness employed of 12 mm the net cross section also had to be
above a certain size, i.e. the notch depth had to be < 2,8 mm,
because of the necessary ilest machine accuracy, especially for the
variable stress amplitude tests.

These partly conflicting requivements Ted to the specimen dimensions
shewn in Fig., 1 with g maximum abtainable ¥t = 1,6, somewhat Jower
than desired. The specimens for the cooperative program were at
first manufactured by one firm. After the questionable results
described below in chapier 3, the zuthor's firm manufactured new
notched specimens,

2.2 Mpplied Stresses, Stress Sequences, Stress Ratios

One atm of the test program was o investigate the effect of shot
geening on fatique 1ife of Ti 6-4 far the structure of tactical
gircraft. Therefore the "Falstaff"™ stress seguence / 1 / was used
for the variable stress amplitude tests with notched specimens.
The maximum stresses@gax were selected such that 4 000 tor40 200
flignts to failure resulted, corresponding to about 4 . 100 to

4 . 106 cveles,

p o 8 specimens per parameter were tested at up to & different
maximum stresses of the spectrumGrays this was sufficient for the
determination of the fatigue Tife curves for a probability of
survival of 50 per ceni, because the scatter was quite small.

Besides, the usual SH-tests with notched and unnotched specimens were
carried out at stress ampiitudes vesulting in failure between approxima-
tely 5 . 10° and 2 . 106 cycles, Up to 20 specimens were available

per S-curve for some test series; in these cases an inproved version

of the staircase method, devetfoped in the author's depariment by Hick

F 2/, was employed to determine the fatigue Timit at 2 . 105 cycles

for 50 per cent prababitity of failure. In the finite 1ife region a
ieast squares reqressicn analysis was used to draw the SH-curve

through the test points at the same probability of failure. One

example of such an SN-curve is shown in Fig. 2
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iIf fewer specimens were avaifable, the finite 1ife region of the SH-
curve only was defermined. The result of the least squares regression,
that i5 the position and slope as well as the "knee"” of the SH-curve
were atso checked according te the author's experience,

The stress ratios for all constant amplitude tests was R = Guin/Goax
= 40,1, similar to that in the Falstaff tests. The maximum nominal

Jocal stresses at the notch root were above this value in some
"raTstaff" tests (just Tike in a real adrcraft structurs), as well
as in some constant amplifude fests.

2.3 Supplementary Measurements

The residual stresses after machining, i.e. without shot neening,
as wetl as after shot peening were measured by X-ray on the surface
of several notched and unnotched specimens., In g few shot peened
specimens the residual stress distribution across the thickness was
aiso measured, as well as the surface roughness before and after
shot peening. Finally tha decay {or otherwise} of residual stresses
due to the applied stresses was determined in unnotched and notched
specimens under constant and wvariable amplitude loading. A1l X-ray
meastrements were carried out by Dr, Franz at MBB, which the authar
grateful ly acknowledges.

in the course of the cooperative program the optimum shot peening
parameters for snnotched specimens were determined to be 0,4 {nm)

AZ Almen intensity with a shot size of 5 170 and & coverage of 200
per cent, These were the parameters giving the optimum improvement

in the finite Tife region under constant stress amplitudes at R=-1,0,
aithough sTighTy Jower intensities gave very similar improvements,

It was then assumed that these parameters would alse be the optimum
ones for the notched specimens at gonstant stress amplitudes and
o= 40,1 as well as under the "Falstaff" seguence, an assumption
which will be verified in 1984 by further tests.

At first, all shat peening was carried out at Professor Kopp's
insfitute at the Technical University of Bachern. However, the later
specimens manufactured by 1ABRG were shot peened by the West German
division of Metal Improvement Company in Unna, Germany. The choice
of optinum shot peening parameters was Teft to them and, according
to their long experience,they selected 0,25 - 0,30 (mm); AR Almen
intensity, 200 per cent coverage with a shot of size S 170 hard,
i.e. a slightly lower intensity end hard shot (Rp 62) of identical
size. The author gratefully acknowledges this assistance by Metal
improvement Company.
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2.5 Test Machines

Most of the tests were carried out on a servohydraulic machine of
+ 1 MN capacity built hy [ABG.

For the “Faistaff" tests, it was controlled hy a Schenck-Computer.

In view of the questionable results described below, the command
values given out by the computer were compared extensively (almost
for every test) with the response values of the specimen. These
comparisens of the loads always were o. k., 7. e. they lay within
allowable {narrow) tolerances,

3. Results

Pue fo the limited space available, not all the results obtained can
be shown in diagram form, nor can they all be discussed in detail.

3.1 5R-tests

The SH-tests with unnotched, not shot peened specimens gave a fatigus
imit in bending of abhout + 350 MPa (epproximately as expected);
however, the slope of the SH-curve was extremely steep at k = 3,3.
Shot peening resulted in the Tmprovements in fatique strength shown
in Fig. 3.

The Sh-curve of the notched specimens again had an uncommenly steep
slepe of k = 4,1, Yhen they were tested in the shot peened conditions,

it hecame 1mmeJ1at9]y apparent that qomethﬁrg was amiss, see Fig. 4:

Shot peening lowered the fatique stremgth in *he {1n|te T1fe reozan

numbpr af cyo [es, shot peening resulted in 1mprovﬂd a*wgue erength

Since similarty fnexplicable results were obtained with "Falstaff"
tests, see chapter 3.2, new notched specimens were manufactured by
the [ABS machine shop; about haif of them were shot peened by Metal
Improvement Company in Germany, as described in chapter 2.4, The
results of the subseguent tests came out as expected, ses Fig., 4:
The siepe of the SH-curve was normal at k = 7,4 for the shat peened
and ¥ = 5,7 for the not shot peened conditian. There was also an
émprouement of the fatigue strength over the whole region of cycles
tested.

To this date, all attempts to clear up the unexpected results decribed
above have failed: The residual stresses on the surface of the notch
roat after machining for the fau]ty specimens were, 1f anything,

tower then those of the IABG specimens (- 350 MPa as against -430 MPa),
The “surface roughsess at the notch root (mean of at lteast I tests)

was alse tower than thal of the IABG specimens at R = 2 pm, Ry -

O, as against Ry = 7 um, B o= 0,5 pm,
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3.2 "Falstaf{™ Tests

The defective specimens in the not shot peened condition fell into two
distinctive groups, one giving much longer fatique lives, (by 2 factor
of about 2,5} see Fig. 5. There was alse @ crossover of the fatique
Tife curves for the shot peened and the not shot peened condition as
in the constant ampiitude tests.

it was therefore concluded that the shot peened specimens must have come
from the first, better, groun of soecimens.

The subsequent tests therefore were carvied out with specimens manu-
fagtured by [ABG (and shot peened by MICY., These results are aiso shown
in Fig. 5: In the not shot neened condition, they practically coincided
with the former second group: shot peening resulted in approximately
doubTling the number of flights tc failure:; this improvement af fatique
Tife is about equat to that under constant stress amplitude in the finite
Tife range, see. Fig, 4.

4.  Residual Stresses

The residual stress distribution acress the thickness in an unnotched
shot peened specimen is shown in Fig. 6.

The maximus comaressive stress s about 700 MPa, or abaut 70 per cent

of the yield strength. This is somewhat lower than in previous work

of the author [3jwhere residual stresses of 180 per cent of the yield
strength of the high-strength titanium alloy Ti $-6-2 were reached by

shof ?fining {the fatique 1ife improvement factor wes alsc much higher
in 13 .

b, Lonclusions
- HManufacturing quality of the specimens is of utmost importance in a
test program,

=~ Shot neening dmareved the fatioue 1ife in the finite 1ife reqion of

the urve by & factor of up to four (far unreiched saecimens) and
annroximately two for notched specimens. The latter value also was

obtaingd under flioht-by-fiinkt loading typical for a tactical gircraft
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