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ABSTRACT

The effect of different shot peening and heat treatments on the cyclic bend-
ing fatigue behavior of a precipitation hardensble aluminum alloy of the
type AICUGMgZ was investigated. Depending on the material states different
increases in fatigue 1ife and bending fatigue 1imit were obtained. The a-
mounts of increase can be considered to be mainly a result of the surface
work hardening and surface residual stresses. The surface roughness is of
minor importance. Shot peening residual stresses become less stable with
increasing toading stress. They were reduced especially during the first
Toad cycle, The relaxation rate depends on initial surface residual stres-
ses, on the stress amplitude and on the surface yield strength. The latter
can be determired by combined quasistatic tension and compression tests

a5 weli as by X-ray measurements.
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THTRODUC T TN

1t is known that shot peening influences the fatigque behavior of metals

by changing the material states of surface Tayers {see e.g. Butz, 1961,
Snownran, 1881, Person, 1981}, Systematic investigations of the effect of
shot peening-caused changes on the residual stress and work hardening state
in surface layers have not been carried out so far. Besides a few indica-
tions {Potter, 1977) it is unkngwn to which extent cyclic leading reduces
shot peening residual stresses in age-hardenable aluminum alloys. Further-
more, practically no research has been done on the influence of shot peening
oh the fatigue behavior of purposely varied heat treatment conditions.

The influence of different shet peening pressures and shot types on the
bending fatique behavior of the aluminum alloy ATCUSMgZ in the as-received
condition and two additional heat treatments is demonstrated by this paper.
The matertal s state will always he described by measurements of residual
stresses, half width and hardness as well as surface roughness. Furthermore,
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experimental results about relaxation of residual stresses under different
amplitudes are described. Finally, the results of additional research about
relaxation of residual stresses in shot peened specimens under quasistatic
tensile and compressive loading are shown.

EXPERIMENTAL DETAILS

The investigations were obtained from the aluminum alloy Al1CuBMg2 {chemical
composition 4.54 % Cu; 1.43 % Mg; 0.1 % Si; 0.2 % Fe; 0.85 % Mn; 0.035 %

In and 0.014 % T1 -all units in wi-%-). Shape and size of the specimens

are shown in Fig. 1. The specisens were taken out of rolled sheet material
of 20 mm thickness and, with the exception of that in the as-received condi-
tion, were solution annealed at 495 °C for twe hours and quenched in water
of 15 °C. Aging treatments followed for 30 days at 20 °C (under-aging)

and 12 h at 190 °C (peak-aging). Immediately after the treatment the speci-
mens were shot peened and then cyclically loaded. Electropolished specimens
were used for comparison measuring with not shot peened material states.

2
e
L & Fig. 1: Shape and size of the
| o fatigue specimens
" {h = 2 mm)
h

Some of the specimens in the as-received condition were shot peened in an
air blast machine. The shot peening treatments are summarized in Table 1.
A cast iron shot with a hardness of 46-50 HRC was used. 98 % coverage was
chosen for all experiments.

shot type steet balts glass beads

shot size e .
p 0,43 {5 170} 0,125 - 8,250

peening
pressurg $,2 0,45 1,2 0,8
{bar}

Table 1:
Shot peening conditions

coverage [ %) 98 98 a8 9%

Almen A"
intensity 10 28 30 3
fmm}

density of
shot 0,3 0,25 0,15 0,008

per ares

{ g/t ]

The residual stresses of the samples were determined by X-ray measurement
with a p-diffractometer {Wolfstieg, 1976) and by the so-called sin’)p method
{(Macherauch, 1961} with copper Kg-radiation. Therefore, the residual lattice
strains of (511/333) -planes were measured from the shifts of the appertai-
ning interference line profiles in specified directions ¢ against the sur-
face normai. To improve the grain statistics all.samples were subjected

to transiation (+ 10 mm) and votation (2-3 degrees around the specimens'
tongitudinal axis) during the measurement. Residual stress distributions
were determined by measuring electrochemically removed material layers with




different distances from the surface. The measured data were corrected for
the disturbance of the existing residual stress state (Moore, 1958). Meas-
urements of the half width of the X-ray interference line profiles and hard-
ness tests gave information about the work hardening of the near surface
layers. A characteristic residual stress distribution of a specimen shot
peened with S 170 and p = 1.2 bar is shown in Fig. Z2a. Typical distributions
of half width and hardness are represented in Fig. 2b. The cyclic loading
was appiied in one load stage in mechanically driven bending fatigue ma-
chines (model Schenck) with a sinusoidal load-time-function. Six samples
were tested for each of five suitably chosen stress levels. The limit of

the number of cycles for non-fractured specimens having passed the fatigue
test was set to be 107. In the low cycle region as well as in the high cycle
region the experimental data were interpreted with the arc sin J? transfor-
mation method (Dengel, 1975) with P being the probability of fracture. As

an example, Fig. 2¢ shows the result of the Woehler diagram (SN-curve) de-
termined for the shot peening conditions § 170 and p = 1.2 bar. The diagram
contains Sh-curves for probabilities of fracture of 95 %, 50 % and 5 %.

RESULTS

First, the influence of the shot peening pressure and with this different
Almen-intensities for constant shot type (S 170) on the material states

of the near surface layers was investigated. In Fig. 3a corresponding resi-
dual stress distributions are shown. The depth of the maxima of the compres-
sive residual stresses as well as their penetration depth increase with
increasing peening pressure. Half width and hardness increase at the surface
and in near surface layers with increasing peening pressure, as demonsirated
in Fig. 3b. The bending fatigue limit alsc increases with increasing pres-
sure as can be seen in Fig. 3¢. In the low cycle region only for small
stress amplitudes an increase in the fatigue Tife with increasing pressure
could be observed. Characteristic  data are summarized in Table 2: the
surface compressive residual stresses opg g the half width HWBs, the hard-
ness HY 0.1,, the roughness Ry and Ra as well as the bending fatigue Timit
for a probability of fracture of 50 %.

wondition oRi'S[Eﬂ/rmﬂ'] HNBS[min] RV 0,8, 1R Lum} | R, Tl gz:}:?ue
(Nt
elactropot-~ . g «
o 500018 |228 09 159+ 18§ 2,6 | 0,3 115 Table 2:
SR gy 5 v es feseea] e | oz | 13 Characteristic surface val-
ues and fatigue Timits of
B A O P T e s shot peeneq as well as
204 il - : - elektropolished specimens
T in the as-received
S110,p=t2bar | oy X R 5 153 e
304 Tt 202+ 6 |343 +12 290+ 23 | 6 6,8 53 condition
glass bzads
40,126-0,26mn | 4. . 5
po0 Boar 3171 09 {3546 Jese s 36| 20 2.6 138
&4 )

in Fig. 4 experimental results are shown received for a comparable Almen-in-
tensity after shot peening treatments with steel balls and glass beads re-
spectively. As can be seen, almost identical distributions of residual
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stresses are resulting (Fig. 4a) as well as similar half width and hardness
distributions (Fig. 4b) with a good correspondence of the surface values.
The fatigue limits also correspond well in both cases. Table 2 summarizes
characteristical numerical values of the discussed results.

Similar results to the ones already reported for the heat treated and shot
peened conditions are given in Fig. 5 and Table 3. For a shot peening treat-
ment with § 170, p = 1.2 bar, 98 % coverage and 30 A [mn] in the under-aged
condition a residual stress distribution similar to the as received condi-
tion was observed (Fig. 5a}. Compared to these samples the peak-aged condi-
tion shows values for residual stresses that are smaller by almost a factor
of 2. At the surface and in near surface layers there are clearly smaller
values for half-width and hardness after peak-aging than after under-aging.
This is illustrated in Fig. 5b. The Jargest values for half-width and hard-
ness were found for the shot peened state of the as-received condition.
Compared to the polished samptes (not shot peened), the fatigue limits of
all shot peened samples were increased after any of the described treat-
ments. This can be read from Fig. 5¢ and the data given in Table 3. The
values for the surface roughness increase considerably after the shot peen-
ing treatment. This is documented in columns 6 and 7 in Table 3. The shot
peening-caused increase of the fatigue life is considerably smaller for the
peak-aged condition than for any of the other two conditions. The under-
aged condition shows the largest bending fatigque limit.

y ; N fatigue
conditian [Ro o (/7D [R N/ ) fope CH/mat B find (WY 0,1 R Tum] {8 Lum) | fat igu
Nt ]
as~received 394 496 -50 ¢ 18 20+ 9§59 +18 1 2.8 4,3 115
+ polished
2070/ a4
+ polished 39% 471 ~1E e 6 180 47 ¢ 4 2,6 4,3 132
190 "L/ h
+ polished 447 468 -1 b 190 149« 8 3,4 0,4 121
as-received
+ shot peened - - 292 + 6 343412 1290 - 2Bp 59 6.8 153
20 *(/30 d :
« shot peened - - 308 + 13 331+ 6 208 . B 43 4,3 183
196 “C/12 h
+ shot peencd e R =167 4 11 262 + 3 163 + 7 4B 6,6 165

Table 3: Characteristic surface values and fatigue limits
of shot peened (S 170, p = 1.2 bar, 98 % coverage
and 30 A [mm]} as well as electropolished speci-
mens in different conditions

For stress amplitudes higher than o4 = 150 N/mm® changes of residual stres-
ses with an increasing number of cycles occur for all material- and peening
conditions investigated. Characteristic examples are shown in Fig. 6a-c
separately for the initially tension leaded and the initially compression
lpaded side of the specimen. In general, a high stress amplitude means a
large decrease of residual stresses. The highest changes of residual stres-
ses always occured during the first load cycle. The compression load cycle
caused the largest relaxation effect. Only for the peak- aged condition

for N » 1 changes of the residual stresses can be found.
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For a better understanding of the residual stress relaxation {shortened

as RRS) during the first load cycle of the bending fatigue loading addition-
al experiments about the RRS during homogeneous tension and compression
loading were conducted. In Fig. 7a-c the residual stresses versus total
deformation after tension and compression loading were shown. Specimens

of different sample conditions were shot peened with S 170, p = 1.2 bar

and 98 % coverage. Furthermore, in Fig. 8a-c residual stresses after tension
or compression with characteristic yield stresses are shown as a function

of the maximum loading stress. The residual stresses of shot peened speci-
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Fig. 7: Residual stresses versus total deformation under quasistatic
toading for a)as-received, b) under-aged and c) peak-aged
condition (shot peened with S 170, p = 1.2 bar, 98 % cover-
age and 30 A [mms)

mens in the as-received condition decrease with tension loading after a
total extension of ¢, > 0.5 % (maximum loading stress o above 320 N/mm? ).
For et larger than 2 % the residual stresses disappear completely. For
€y ¥ 2 % tension residual stresses develop. The compression test results
in a decrease of residual stresses above ey = -0.25 % (maximum loading
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stress o ~ -175 N/mm®). The relaxation rate is much smaller than for the
tension test. A similar behavior is found for the under-aged state. Above

er = 0.3 % (0~220 N/mm®) for the tension test and e = -0.1 % (¢ ~-75 N/mn®)
for the compression test RRS starts (Fig. 7b, 8b). The peak-aged material
state, however, shows a completely different behavior of its RRS. After pas-
sing a total extension of gy = 0.5 % (c=275 N/mm?) only a minor loss of
residual stresses occurs during the tension test. However, during the com-
pression test residual stresses decrease much faster for a total deforma-

tion of e¢ = -0.1 % than in the as-received or under-aged condition.
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Fig. 8: Residual stresses versus maximum Toading stress under quasistatic
loading for a) as-received, b) under-aged and c) peak-aged con-
dition (shot peened with S 170, p = 1.2 bar, 98 % coverage and
30 A [mm])

DISCUSSION

It is widely accepted that shot peening caused improvements of the fatigue
behavior of metallic materials 1is a result of the coexistence of surface
residual stresses, surface work hardening and surface roughness effects.

For materials with low strength the influence of work hardening predominates
for materials with medium strength the influence of work hardening and com-
pressive residual stresses is about equal, and for hard materials the influ-
ence of compressive residual stresses and surface roughness on fatigue life
and fatigue 1imit is dominant (Schreiber, 1976, Starker, 1981).

In the as-received condition of the alloy investigated the fatigue behavior
is determined apparently by surface work hardening and shot peening residual
stresses as the results in Fig. 3 and Table 2 support. For small stress
amplitudes the bending fatigue Timit as well as the fatigue life increase
with increasing half width of X-ray interference Jine profiles and increas-
ing surface hardness, regardless of the much increased surface roughness
and decreasing values for the surface residual stresses. Another possible
reason for the extended fatigue life is the increase in depth of compres-
sive residual stresses with increasing air pressure (Fig. 3). For stable
residual stress conditions the crack growth is slowed down over a longer
distance in the crack propagation phase. In addition, a reduction of the
crack growth rate can be expected with growing amount of compressive resi-
dual stresses.

For cyclic loading of technical aluminum alloys in differently heat treated
states crack initiation at brittle inclusions predominates (Grosskreutz,
1967/68; Hunter, 1955; Haworth, 1977; Heinzelmann, 1982). The different

heat treatment induced types of precipitations and therefore different pos-
sibilities of movement and interaction of dislocations result in less cycles
to crack initiation and larger crack growth rates for the peak aged condi-
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tion and, therefore, the fatigue behavior is not as good &5 for the under-
aged state {Calabrese, 1974, Laird, 1977; Park, 1971; Schulz, 1978}, The
results displayed in Fig. 4¢ for elecirapolished specimens in under-aged
and peak-aged conditions agree well with that. The as-received cendition
which was obtained by het roliing immediately followed by aging at room
temperature has the Jowest bending fatigue limit. It is possible that the
highk disiocation density in this stafe {note comparatively large half width
vaiues in Table 3), affected by the shest production, and distinct disloca~
tion arrangements are responsible for this behavior. After shat peening
Tonger fatigue tives in the low cycle fatigue region and higher bending
fatigue Timits could be observed as compared to the polished specimens,

The order of the bending fatigue 1imits for the heat ireatments remains

the same. In other words, the fatigue strengths increase from the as-receiv-
ad condition to the pesk-aged and finally ito the under-aged condition, ai1-
though the different material states have different states of residual
stresses and work hardentng. The observed increases in fatigue strength
have to be interprefed in different ways. In the as-received condition

as well as for the under-aged state as compared to the peak-aged condition
basically the rather large surface work hardening and high shot peening
residual stresses cause the increase in fatique 1imit. On the other hand,
the large surface roughness has to be considersd reductive on fattgue
strength because it supports crack initiation for a high micro notch sensi-
tivity. For a comparable degree of roughness this micra nofch sensitivity
has a stronger negative influence on the higher strength material states
which are the as-received and the peak-aged condition. Witk this in mind,
the ohtained largest increase in the bending fatigue limit of - 50 N/mw’
for the under-aged specimens becomes more reasonable {Tahle 3},

In the tow ¢ycle region the fatigue life for as-received and under-aged
material conditicns can be increased by shot peening by about an order of
magnitude {see Fig. 5¢!. However, the observed Mg growth for the peak-aged
condition is surprisingly small. Yhe rather small shot peening work harden-
ing and the by a factor of 2 smaller amounts of residual stresses are re-
spensible for that. In addition, the residusl stresses have an even lower
effect on cyclic Ioading, because they were partially or completely reduced
pefore failure, depending on the icading stress {Fig. 6ci.

Besides the amount and the distribution of the shot peening residual stres-
ses the stability of these residual stresses is of special interest for

the fatigue behavior of the shot peened AubMg? alloy. As Fig. & shaws,
the shot peening residual stresses are reduced 1f fhe stress amplitude is
high enocugh. The highest decay of the amount of compressive residual stres-
ses happens during the first half load cycle. The behavior observed here

is comparable o the guasistatic tensior and compression toading of shot
peened specimens. In these cases RRS oceurs after reaching a critical value
for the maximum Igading stress with corresponds to a relatively small total
deformation (Fig. 7,8). Far the following e shot peened slim specimen is
described as compound with a work hardened surface segment with compressive
residusl stresses, characterized by the surface yield strength RpgR and

the surface residual stress opgR, and & not work havdened core segment with
tension residual stresses, characterized by the core yield strength Res

and the core residual stress opgK. For such a model the tension yield
strength Reg o+ under tenmsile loading can Le calculated using a linear super-
position of fRe axisl loading- and the axial residual stresses with

..... 4 ¥
Ras.t = Rgg ™ Opg (1) {vthringer, 1983
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A similar relation for the compression yield strength under compression
loading is

- R R N
Res ¢ - Re IORS | (2) (vbhringer, 1983)
The surface- and core residual stresses ORS and opgK are the residual
stresses existing after shot peening. However, only op can be determined
experimentally. The average yield strengths Res ¢ and Ees ,c can be obtained
experimentally from Fig. 8 as maximum loading stresses tor beginning RRS.
Therefore, an estimation of the surface yield strength was poss1b1e with

Eq. (2): ResR 515 N/mm® fOE the as-received, Rq <R = 466 N/mm® for the
under-aged condition and Rgg" = 285 N/mm” for the peak-aged condition. Since
ResK corresponds to the matrix yield strength (see Table 3 for Ry o - values)
ResR is greater than R,.K for the shot peened material in the as-received
and the under-aged state Therefore, the shot peened surface is work har-
dened as compared to the core. For the peak-aged condition, however, the
condition PeSR<:ReSK is valid. Here it is a work softened surface state

as compared to the core.
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Fig. 9: Schematic load-total strain diagram for the relaxation of
residual stresses under quasistatic tension and compressive
loading
a) as-received condition
b) peak-aged condition

In Fig. 9a the load-total strain diagram is drawn schematically for a com-
pound of core segment and strain hardened surface segment (R,.K<Rg¢R) under
the assumption of linear static strain hardening of the compound In Fig. 9b
the equivalent diagram for a compound of core and work hardened surface
layer (Red>RecR) is drawn. After overelastic tension and compression load-
ing, respectively, and following load relief reduced and reorientated resi-
dual stresses are present. The amount of the reduction of residual stresses
is determined by the deformation inhomogeneity between surface and core
segment. The shown relaxation behavior describes the different experimental
observations for the as-received as well as for the under-aged and peak-aged
condition quantitatively correct.

Because of these models after bending fatigue loading of shot peened
A1CubMg2 specimens with a stress amplitude of o5 = 150 N/mm? only a small

99




RRS can be expected during the first load cycle for all conditions (see

Fig. 6 and Fig. 8}. For oa = 325 N/mm® the average yield strengths were
passed at the compression as well as tension loaded side of the fatigue
specimens already during the first half load cycle {see Fig. 6 and Fig. 8).
Therefore, RRS occurred for all conditions to different degrees on both
sides of the specimen. For the number of cycles N greater than 1 essentially
no further RRS could be observed, with the exception of the peak-aged condi-
tion. For the peak-aged condition further RRS occurred which could be a
result of rearrangements of dislocations and/or formation of cracks.

The most important parameters determining the RRS during cyclic loading
are therefore stress amplitude o,, initial surface residual stresses opgR
and surface yield strength ResR. Fig. 10 summarizes these influences on
the RRS after N = Np. On the (eft side of Fig, 10 the initial residual
stresses {og = 0) and the residual stresses after failure during loading
with different stress amplitudes o, are shown for the investigated condi-
tions of AlCubMg2 (upper 3 curves). Some data for other shot peened mate-
rials are included in Fig. 10 for comparison. With increasing oa and apgR
the RRS becowes more pronounced. If the surface yield strength R cR is known,
the ratio of final to original residual surface stress opg(F)/opgl{0) can be
determined as a function of the ratio of applied stress amplitude to sur-
face yield strength oa/RogR. The left side of Fig. 10 shows that in bending
fatigue this function is practically the same for all materials, regardiess
materials state and treatment.

% 0 . S .
£ / .
= /‘ / 4 L g 1 :
SO A B Fig. 10:
arl 200 X ! i o; .
w A / | v 2 .
2 i ¥ g R Y Surface residual stresses and
W om ﬂ;/* j k \( s ORSR(N;)/ORSR(O) respectively
] l Py 4ul&cwng “ = versusgstress amplitude and
g v < TGV A i uy/R respectively
Qwﬁﬁﬁi:fm b Ches Vo o es [.
& ! v Ml 5 (A : as received, ¥ : under-aged,
ER 500 000 0 05 70 A peak-aged; @ : Starker, 1987;
stress amplifude O, Niom? /R v : Schretber, 1976)
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