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ABSTRACT

Shot peening involves modifications of the surface and subsurface condition of a
material that can be described by the change of the residual stresses, the
hardness, and the surface roughness. Moreover there is the possibility of
intfroducing additional surface defects. The influence of these modifications on the
fatigue behaviour of the aluminium die casting alloy GD-AISi8Cu3 is investigated.
S-N curves are determined for four surface conditions produced by milling, shot
peening, and a combined treatment. The improvement of fatigue limit by shot
peening is confirmed. The additional effect of mean stresses is determined. Pores
and pipes as well as surface defects mduced by shot peenzng act as fatigue crack
initiation sites. .
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INTRODUCTION

Despite high solidification rates and the resulting fine microstructure, the fatigue
prcpertles of conventionally die-cast aluminium parts are often worse in
comparison with parts produced by permanent mould casting of the same alloy (1).
A higher density of bulk defects like pores, pipes and oxides as well as surface
defects like oxide skins, laps and microcracks is made responsible for this
observation. Another disadvantage of the conventional die casting process is the
deficient possibility of heat treating the castings to improve their mechanical
properties. This is due to their tendency to blister during solution treatment, so
many of the general-purpose die casting alloys are used only in.the as-cast
temper.

The improvement of the fatigue, fretting fatigue, and stress corrosion performance
by shot peening engineering components has long been known, particularly for
steels. Various investigations of shot peened wrought aluminium and titanium
alloys showed that shot peening has a beneficial effect on fatigue behaviour also
in the case of light alloys (2)(3)(4). This effect is caused by the induced residual
compressive stresses and the work-hardening of the surface. The amount of
change of e. g. the fatigue limit depends on the kind of alloy and its heat
treatment. Another modification introduced by shot peening is an increase in
surface roughness with the possibility -of introducing surface defects (5), which
both can have a negative effect on fatigue properties.
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In this investigation shot peening was applied to the polyphase aluminium die
casting alloy GD-AISi8Cu3 (similar to AA No. 380). This is a widely used, general-
purpose die casting alloy, which is temperature resistant and appropriate also for
complicated and thin-walled castings. To assess the effects on fatigue properties
caused by modifications of the different surface properties, bending fatigue tests
were carried out with specimens in four different surface conditions: as-cast, shot
peened, surface milled off, and milled and shot peened. The fatigue limits were
determined for fully reversed bending (R =-1) and for zero-maximum bending
(R = 0), so that the sensitivity to mean stress can be evaluated. Fracture surfaces
were investigated in a scanning electron microscope (SEM) to determine 'the
position and the size of fatigue crack initiation sites. o

EXPERIMENTAL PROCEDURE

Material and Heat Treatment -

Flat bending specimens with a test cross section of 5x 10 mm2 as shown in Fig. 1
were die-cast with a gate area of 18 x 1.5 mm?2. The gate velocity of the melt was
40 m/s, the melt temperature was 700°C. it took 13 ms to fill the mouid. During
solidification of the melt a pressure of about 500 bar was maintained. Thereupon
the specimens were quenched in water of about 30°C. The whole test material was
aged for 5 hours at a temperature of 165°C in an air circulation furnace. Tensile
tests resulted in the values for mechanical properties listed in Table 1.

Table 1: Mechanical properties of Al-alloy GD-AISi8Cu3 in a die-cast condition

Mean Value and Standard Deviation
0.2% Proof Stress op» ~ 1483:15MPa
Tensile Strength o L 2867 £ 1.2 MPa
Elongation after Fracture - 37+03% _
Hardness = .. 1178 +18HB25/625

The chemical composition of the alloy used in this investigation was determined on
the surface and in the core of a cast specimen. The results are shown in Table 2.
A segregation of the alloying elements is established over the cross-section of the
specimen.

Fig. 1: Specimen shape for the fatigue experiments



Tabie 2: Chemical composition of Al-alloy GD-AISi8Cu3 (weight%)

Si% | Mn% | Cu% | Fe% | Zn% | Mg% | Ni% | Pb% | A% _
Surface | 8,76 | 0,20 | 2,96 | 1,30 | 1,16 | 0,47 | 0,10 | 0,28 |balance
Core_ | 6,60 | 0,18 | 2,12 | 1,06 | 1,03 | 0,14 | 0,07 | 0,14 | balance

Surface Treatments and Means of Characterization

The surfaces of half of the specimens were milled off in a thickness of 0.5 mm on
every side of the specimens. So the test cross section was reduced to 4 x 9 mm2.
A number of the unchanged as well as of the milled specimens was shot peened
on both sides to an Almen intensity of | = 0.385 A. This intensity corresponds to a
coverage of 150%. Shot peening was performed with glass beads (d=0.42 -
0.84 mm) to prevent any corrosion problems. All together four different surface
conditions were produced which are abbreviated from now on as defined in
Table 3. :

Table 3: Deﬁnitioh of the different surface conditions

Abbreviation . | Surface Treatments
Condition 'C’ all surfaces as-cast
Condition 'M' all surfaces milled off
Condition 'CP' - _|condition 'C' shot peened
Condition ‘MP' __|condition 'M' shot peened

The surface roughness was measured by a profilometer. The characteristic value
R, is defined as the arithmetic mean value of peak-to-valley heights determined for
5 consecutive gauge length of the same length. The surface hardness was
surveyed at the very edge of a metallographic section using a Vickers indenter
under a load of 200g. Residual stresses oES were obtained from X-ray
measurements with a ¥-diffractometer. Interference line profiles of the {222}
planes of aluminium were mapped using Cr*Kauradiatnon {(»=0.229 nm) under

different tilt angles . After determinating the line peaks 20, the Macroscopic

residual stress was calculated by the sin?y-method (6). The broadening of the
interference line profiles induced by a surface treatment can be seen .as a
measure for the dislocation density or similar to the hardness as a measure for the
work-hardening condition. So also the full width at half maximum helght {FWHM)
of each line profile was surveyed.

Fatigue Tests

Flat bending fatigue tests were carried out in air at room temperature. The cyclic
loading was sinusoidal with a frequency of 24 Hz. The stress ratio R defined as
minimum stress devided by maximum stress was fixed to R = -1 (fully reversed
bendmg) and to R=0 (zero-max:mum bendmg) For every S-N diagram about
20 specimens were loaded in the transition region to obtain statistically ensured
values for the fatigue limit. Specimens reaching the limit of 107 cycles were valued
as unfractured.
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RESULTS
Characterization of Surface Conditions

Averaged measured values describing the different surface conditions are
summerized in Table 4. '

Table 4: Properties of the surface conditions

Condition | R, Hardness - oES FWHM
'C' 3.1 um 132 HV 0.2 0 MPa .1.8°
‘™' 24um | 119HV 0.2 0 MPa 2.2°
'CP' 36 um 148 HV 0.2 -84 MPa 2.7°

'MP' ' 43 pm 141 HV 0.2 -66 MPa 2.4°

Milling off the surfaces of the specimens results in no major change in surface
roughness nor in the effective macroscopic residual stresses on the surface. But
there has been a change in the state of residual stresses by this machining
process, which becomes obvious in a y-splitting and a broadening of the
interference line profile (7). Nevertheless the hardness is reduced due to the
removal of the ftne—gra;ned casting skin. :

Considerable increases in surface roughness of one order cf magnitude were
induced by shot peening. Moreover, metallographic sections showed that surface
defects like laps and small cavities were produced. The rise in hardness is due to
the work-hardening during this process. It is remarkable that despite equal
peening parameters the harder surface condition 'C' reaches a higher hardness
than condition 'M'. Also the compresswe residual stress and the line broadening
are higher in condmon 'CP' than in condition 'MP',

The residual stresses in the p_rocessed specimens as a function of the distance
from the surface are shown in Fig. 2. Minimum residual stresses of -160 MPa in a
depth of 0.15 mm and of -145 MPa in a depth of 0.25 mm are obtained in condition
'CP' and 'MP', respectively. The residual stress values in condition 'M' remain
about zero. Fig. 3 shows the .interference line width as a function of the depth
below the surface. For the shot peened conditions there is a monotonous
decrease of the maximum values at the surface to the core value of about 1.6° For
condition 'M' this value is already reached immediately beneath the surface in a
depth of 0.02 mm. In every case the surface layer has experienced the strongest
work-hardening.

X-ray measurements at unfractured specimens after fatigue tests with low stress
amplitudes resulted in nearly the same values for residual stresses as measured
before loading. So there has been no relaxat:en of resujual stresses durmg cychc
loading. PRI
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Fig. 2: Residual stresses as a function of the depth below surface
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Fig. 3: Width of interference line proﬁles as a function of the depth below surface
Fatique Tests - “ |

The results of the bending fatigue tests are presented exemplarily for the as-cast
condition 'C' in Fig. 4 for the stress ratio R=-1 and in Fig. 5 for R=0. The
numbers of unfractured specimens are indicated within the diagrams behind the
arrows on the right hand side. The diagrams alsc show the straight line for 50%
fracture probability in the limited life region computed by the arcsin\ﬁimethod (8).
The horizontal lines plotted in the transition region indicate the fatigue limits, i. e.
the corresponding stress amplitudes, for 5%, 50% and 95% fracture probability
assuming a limit of 107 cycles.
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Fig. 4: S-N curve for GD-AISi8Cu3 Fig. 5: S-N curve for GD-AISi8Cu3
Condition 'C', R = -1 Condition 'C', R =0
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Fig. 6: S-N curves (50% fracture Fig. 7: S-N curves (50% fracture
probability), R = -1 probability), R =0

Fig. 6 and Fig. 7 show the S-N curves as straight lines for 50% fracture probability
for all four surface conditions obtained for R = -1 and for R =0, respeciwe%y For
both ‘stress ratios shot peening has' produced an improvement in fatigue
properties. As a measure for the improvement in the limited life region the stress
amplitude o,(N=105) corresponding to a lifetime of 10° cycles and. the number of
cycles Ny at the kneepoint of the S-N curve were computed. A compilation of all
theses values and of the fatigue limits oy is given in Table 5. The bending fatigue

limit op is defined here as the nominal stress amphtude in the test cross~sectton
for 50% ffacture probability.
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Table 5: Characteristic fatigue values for 50% fracture probality

: R=-1 R=0
Condition | g,(N=105) | Np (x103) on o,(N=105) | Np (x103) on
'C’ 168 MPa | 679 117 MPa| 135 MPa 721 94 MPa
‘M 150 MPa 885 99 MPa| 113 MPa 1570 69 MPa
'CP' 206 MPa | 6636 153 MPa | 139 MPa 2134 102 MPa
'MP' 196 MPa | 3523 |136 MPa| 130 MPa_ 1012 92 MPa

The increase in the fatigue limit for fully reversed bending (R = -1) by shot peening
is 31% in case of surface condition 'C' and even 37% in case of condition 'M'. The
values for op are raised from less than 106 cycles to some 106 cycles. Milling off
the surfaces of the cast specimens peruces a large decrease in fatigue limit for
the stress ratio R = 0. The fatigue limit is raised by shot peening nearly to the
value of the as-cast condition. agam Shot peenmg of the as-cast condition raises
the fatigue limit only by 8. 5% g5 T .

Fractography

In case of the as-cast specimens fatigue cracks initiate preferentially at pores or
pipes beneath the surface. A typical example is shown in Fig. 8. Pores filled with
gases during solidification have an ellipsoidic shape and a nearly smooth inner
-surface. They are often surrounded - by interdendritic micropipes with - a
_corresponding surface (Fig. 9) Rarely surface defects !;ke steps fcrmed by ridges
“inthe castmg mauid act as. crack muitatncm sxias _

, Pores a:‘e also the mc:st frequent reasen for fatlgue crack lmtlaiion m spec:mens of
- condition 'M'. As a speciality pores were found that were cut up by m:llmg (Fsg 10)
: and SO hav;ng a hzgh nctch effect | . _ S
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Fig. 8: Fatigue fracture surface (Cond 'CY) F:g 9: M:cmplpes nearby a pore
showmg crack growth from a pcre :

Similar to shot peened steels two different locations of crack initiation were found
on the fracture surface of shot peened specimens of the aluminum alloy. Mainly,
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fatigue cracks started at surface defects like laps or cavities produced by shot
peening or at particularly deep impressions of glass beads (Fig. 11). In a few
cases pores, which were situated in a large distance (up to 1 mm) from the surface
were causal for failure (Fig. 12).

Fig. 10: Fatigue fracture surface (Cond.’M’)
‘showing crack growth from a cut up pore

20.0kYV X58.

Fig. 11: Crack growth from the surface  Fig. 12: Crack growth from a pore at a
A ~{Condition ‘;GP‘-)___ R o

: (Co - large distance from the surface
DISCUSSION
" Fracture surface investigation showed thai {hé'_'fatigue-“'béha_'\_%'i:édf."cf - the
investigated die-cast aluminium alloy is mainly. controlled by fatigue cracks .
emanating from inner casting defects (pores and pipes), seldom from surface
defects. Classical crack initiation from persistent slip bands was not observed. By
milling off the surfaces the fine-grained casting skin is. removed. Moreover a

higher density of pores is found beneath the surface and even cut up pores are
observed. This leads to a distinct reduction in fatigue limit. o :
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Nevertheless the present work proved the beneficial effect of shot peening on the
fatigue properties of the die-cast specimens. This can be explained by several
mechanisms:

- Increase in fatigue strength of a surface layer by work-hardening. A higher stress
amplitude is needed to initiate fatigue cracks beneath this layer due to the stress
gradient under bending loading (9).

- Increase in fatigue lifetimes by an induced compressive residual stress field.

Fatngue crack propagation starting from surface defects is slowed down and
microcracks can even be arrested (10).
- Pores and plpes beneath the surface can be closed by shot peening. This
causes a gain in fatigue strength by a 'removal' or a reduction of inner flaws, which
may act as crack initiation sites. This surface treatment can also dlmmlsh the
notch effect of surface flaws like cut up pores. This explams the extraordinary
effect in case of shot peening surface condition 'M'.

Fatigue limit o [MPa]

200
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Fig. 13: Haigh-diagram for GD-AISi8Cu3
The influence of mean stress on the fatigue behaviour of the investigated
aluminium die-casting alloy is presented as a Haigh-diagram in Fig. 13. Several

proposals have been made for a functional equation between the fatigue limit op
and the mean stress o,,. Well-known'is the statement of Goodman (11):-

o S o -
cmﬁcw-(1-'&f‘ BN C)

Using the _sensitiyity'to mean stress M defined by Schatz (11)

Gn(Rwﬂ On(R—-O) Gy Lo o y
omR=0) cm(f{im A @)

M=

eq. (1) can be rewntten as follow
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op = ow-M-op : (3)
with
M = ow / O (4)

Values Mg, obtained from the results of the fatigue tests using eq.(2) and the
computed values Mgooaman USiNg q.(4) are listed in the Haigh-diagram. There is a
good agreement for the shot peened conditions, but a rather large difference for
conditions 'C' and 'M'. This can be attributed to the different failure mechanisms in
peened and unpeened specimens. Especially the as-cast condition exhibits a very
low sensitivity to mean stress which is in contrast to the general observation that
M increases with hardness. ' - ' ' '

Similar to M a sensitivity to residual stress m can be defined by the equation
opES = o0 - m - oS (5)

where opES is the fatigue limit of a certain material condition affected with a
residual stress oES, and oy is the fatigue limit of the same condition without
residual stresses (12). Of coarse m is different from Zero only for such material
conditions that exhibit no or only littie relaxation of residual stresses during cyclic
loading. -

In most mechanical surface processes like shot peening not only the residual
stress state but a number of material properties are changed, namely surface
hardness, surface roughness and residual stresses. To assess the individual
contributions of these changes to the variation of fatigue limit a simplified setup
has been made by a linear superposition of the fatigue limit oy of a reference
condition and the weighted contributions AcES, AHV, and Ar belonging to changes
in residual stresses, hardness, and roughness respectively:

op=Cy-m-AcES + o AHV-B-Ar (6)

r is defined as r = log(R,/R,*) (13). R," is a lower limit for the efficiency of rough-
ness; so r = 0 for R, < R;* Assuming R;*= 10 ym the results for the fatigue limits
obtained for R = -1 and the measured values shown in Table 2 give a set of
equations for the unknown oy, and the weighting factors m, a and B. Solving this
set of equations results in:

ow = ow(condition 'M') = 99 MPa, m = 0.31, & = 1.38 MPa/HV and B = 22 MPa.

Similar calculations for comparable aluminium alloys are not known from the
literature. From results obtained on the wrought aluminium alloy AICuSMg2 (14) a
value of m = 0.32 can be calculated. Moreover the m value determined in this
investigation satisfies the relation m <M known for steels. Utilizing data for
wrought. aluminium from the literature (15) a relation oy = 0.5 - oy can be stated
for not aged aluminium alloys. Furthermore yield strength increases with
increasing hardness with a slope of about 3.3 MPa/HV (data from (16)). So this
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rough estimation yields « = 1.65 MPa/HV. The proportion /oy, corresponds in
order of magnitude to the values determined for steels (13).

it has to be mentioned that the influence on fatigue limit induced by changes in the
size or position of bulk and surface defects is not considered explicitly in eq.(6). it
is implicitly included especially in the values for oy and for the weighting factor a.

CONCLUSIONS

The fatigue properties of the aluminium die casting alloy GD-AISi8Cu3 in different
surface conditions were investigated under bending loading. The following
conclusions may be drawn from this work:

1. The fatigue behaviour of the as-cast condition is mainly controlled by fatigue
crack initiation from casting defects, particularly from inner porosity.

2. Milling off the surfaces of the' cast specimens decreases the fétigué limit
because the fine-grained, hard casting skin is removed and a higher number of
pores is now situated beneath the surfaces or pores are even cut up.

3. Shot peening increases the fatigue limits for both starting conditions and for
both stress ratios investigated (R = -1, R =0). Best results are obtained for the
shot peened as-cast surface. This beneficial effect of the peening treatment
results from work-hardening of the surface; inducement of compress:ve residual
stresses and closure or moderatnon of near surface pores.

4. The sens:tlvny to mean stress is dependent on the surface condition. The
lowest sensitivity was observed for the as-cast condition (M = 0.24), for the shot
peened conditions M is about 0.5.

5. The sensitivity to residual stress was assessed to be in the range of m=0.3in
accordance with values determined for wrought aluminium alloys.
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