Fatigue design of A356T6 under multiaxial loading
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Abstract Experimental Kitagawa diagrams are produced fot é@56 T6 containing natural and artificial
defects. Results are obtained for three differeatlings: tension, torsion and combined tensioneoysor a
load ratio R = -1. The experimental critical defaize determined is 400 +/- 1Qdn in A356 T6 under
multiaxial loading. Below this value, the microstture governs the fatigue limit mainly through 8BAS. We
compared four theoretical approaches to simulateagéiwa diagram: Murakami’'s equation, a defect is
equivalent to a crack using Linear Elastic Fractdexhanics, the Critical Distance Method (CDM) preed by
Susmel and Taylor and the gradient approach prapbgeNadot. It is shown that CDM and gradient mdtho
give good results but need three fatigue datahfeidentification.

1 MATERIAL AND EXPERIMENTAL RESULTS

The material employed in this study was Low-Presddie Cast (LPDC) strontium modified A356 (Al-7Si-
0.3Mg). Tensile testing has resulted in a moduluslasticity of 66 GPa, Poisson's ratio of 0.3 jeldystrength

of 164 MPa and an ultimate tensile strength of BIFa. While all specimens came from castings madb wi
permanent steel dies, the majority of specimenseciiom a wedge-shaped casting, and a lesser nuwwérer
cut directly from an automotive wheel. The wheedticay was actively cooled during solidification \ehthe
wedge casting was passively left to cool. As thisae casting types provided a wide range of solidifion
conditions, so too did the specimens from a defaa microstructure standpoint. Therefore, the tetig
behaviour characterized in the current work isaiyeapplicable to commercial castings.

Experimental Kitagawa diagrams are reported herettie three different loadings as well as the most
representative SEM fracture surface features. Rension results are reported on Figure 1 and SEM
observations on Figure 2, tension-torsion combiests withc = 1 on Figures 3 and 4 and finally pure torsion
results on Figures 5 and 6. All Kitagawa diagrams presented with the same scale in a bi-lineagrdia
presentation style. The fracture surfaces are veddirst by eyes in order to get the macroscopatures of the
crack path. Then comes SEM observations in ordeshtmv some details of the initiation area and, when
possible, the defect size measurement. The defeetparameter used is the ‘area’ parameter propbged
Murakami [1]. Cast A356 T6 contains different typdsiefects also reported by [2-4]. Defects camyée pores,
shrinkages, oxides films or inter-metallic inclusso

Figure 1 presents the experimental Kitagawa diaguader pure tension and R = -1. In all samples;til
defect size was easy to determine and the fragilmee was always perpendicular to the directiorthef
maximum principal stress. The first remarkable p&iom this curve is the relative high critical def size: the
tests T6, A1 and A2 have a very low impact on tuigtie limit (8 % reduction). The material is s¢insi to
defect when the size is bigger than %00 under tension. It is interesting to point outtttids does not depend
on the type of defect.

Figure 2 shows fracture surfaces for M3, T6 and IAlthe first case (M3) a very small subsurfaceedefs at
the origin of the crack. This defect seems to b@xde-related pore but the size remains very simalé. T6
sample failed from 40Qm shrinkage at the surface of the sample. Al fdilech the 400um induced artificial
defect. Both T6 and Al give the same fatigue ligtitthat we can conclude that the area parametdlésto
correlate different types of defects. Nevertheldlsis, conclusion should be done also for biggeecdksf with
higher impact on the fatigue limit. Fracture suefsidor A3 and A4 are very similar to A2 with thdifaial
defect at the initiation point.
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Figure 1: Kitagawa type diagram for A356-T6 under tensiors H.
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Figure 2: SEM observation of initiation site defect (tensi®=-1) (a) M3 (b) T6 (c) Al

Figure 3 presents the experimental Kitagawa diagsader pure torsion and R = -1. The experimentaitpo
presented on the curve below 0@ are classified as either ‘no defect’ or ‘not itiged defect’. The samples
have been separated with different defect size detvd and 10Qm but it is only in order to make the graph
clear, it is not related to the defect size becahsee is no. The first remarkable conclusion om ilitagawa
diagram under torsion is the scatter. The fatigmétd vary from 55 to 95 MPa for samples with ‘nefeict’ or
‘not identified defect’. This represents a hugettetacompared to the other results obtained forather load

cases.
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Figure 3: Kitagawa type diagram for A356-T6 under torsions RL.
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The general feature of the fracture surface undeg forsion is very tortuous as show on FigureMany shear
cracks in the two maximum shear planes are activatethat the final fracture surface reveals maifferént

initiation sites. That is not the case for the otlbadings. Even with careful examination of thacture surface
at each suspected initiation point, like in Figdte it is not always possible to determine a dedectlefined in
the introduction of this section. The multiple iaiton site could be an explanations of the scaiteerved. It
could be also the fact that we were not able td five critical defect on the complex fracture stefan order to
analyze this point into more details, samples B4, b and T7 have been cut and polished in ordebserve
the material just below the fracture surface. Weewmt able to find any defect close to the fraetsurface,
there is no evidence of higher porosity amountror exide film. The critical defect size under puoesion is

close to 30Qum, which is smaller than under tension. This aitidefect size should be clarified by other tests

on samples containing 3Q0n artificial defects.
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Figure 4: SEM observation of initiation site defect (torsiéh= -1) (a-b) W2 (c-d-e) T7 (f) M6

Figures 4c, 4d and 4e present another exampleeddifficulties we had to determine the defect sinder pure
torsion. Figure 4a shows the suspected initiati@a.aFigure 4b details the defect that is supptsdie at the
origin of the crack. This defect looks like an axifidm but this is really difficult to separate frothe oxide built
up produced by crack lips contact during shearkcpropagation. In many different locations aroulnel fracture
surface we can observe these black oxides prodiweyy the shear crack propagation. Therefore wenca be

really sure that this is a 3Q0n defect size. T7 sample contains also an artifagdect (230um) that we were
able to see on Figure 4e because this defect wdsekiough to be on the fracture plane of the najack from

the oxide defect. Figure 4e reveals the secondagkcinitiated from the artificial defect. Nevertbss, this
defect was less harmful that the oxide film. Fipdfigure 4f presents another oxide film at the iorigf the

failure. It is to be noticed that when comparinghvthe area parameter, oxide film and artificidledé seems to
behave similarly.

Figure 5 presents the experimental Kitagawa diagrader combined tension-torsion and R = -1. In thisve,
no artificial defects are involved, only naturalesn Macroscopic fractures surfaces are similaension ones:
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flat surface in the plane perpendicular to thedliom of the maximum principal stress with a clelmntification
of the initiation area. The Kitagawa curve showgeay small influence of 50Qm defect. In fact for defects
below this size, it seems that there is no inflgeoicthe defect on the fatigue limit.
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Figure5: Kitagawa type diagram for A356-T6 under tensiorsitmn, R = -1.

Figure 6a on sample B3 gives an illustration of ithigation area when there is no defect at thegiorbf the
failure. Figure 6b on sample M4 shows a big sulfaserpore with a size of 5Q0n. Finally, Figure 6c reveals
the shrinkage at the origin of the failure on sam. It is interesting to point out that M4, whisha big defect
but not at the surface, leads to the same fatiguiethat T8.
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Figure 6: SEM observation of initiation site defect (tenstonsion, R = -1) (a) B3 (b) M4 (c) T8

From the previous fatigue results obtained on AB6&ontaining artificial and natural defects, wa canclude
that the critical defect size that does not affaetfatigue limit is relatively large. It range®iin 300 to 50Qum
depending on the loading type. It is also intergsto observe that when the defect is describethbyarea’
parameter, an artificial defect behaves similasliya tshrinkage or an oxide film against fatigue tirttiis another
demonstration that this parameter is really powedwdescribe the morphology of a given defect.nrithe pure
torsion results, it is not so easy to find theiahitlefect size due to the complex topology of filaeture surface
and the multiple initiation sites. This last pogftould be studied into more details especially beeave were
not able to find any fatigue results under torsimnA356 T6 with experimental characterization ofedé size in
the literature.
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2 COMPARISON OF MULTIAXIAL FATIGUE CRITERIA

LEFM describes crack propagation threshold withdahglitude of the stress intensity factidf, a function of
crack length aand stress amplitud&o,. The defect size is given trough the ‘area’ patamthat is transformed
into a semi circular crack here. The relation betwthe fatigue limit and the defect size is givgn b

Ath,eff

Y+« 2T/ area

Where Y is the crack shape factor a ,, . is the effective stress intensity factor threshold.

Ao, =

With a spherical defeop::g. MK, .. =15MPa/m for A356-T6 alloy; this value was not experimehtal

Vi
determined in our material but from a large compitaof published data from [5-10].

Murakami proposes to represent the defect as acintity and introduces théarea parameter to describe

defect size. He justifies this choice using fragtamrechanics concepts. Observing non-propagatincksria a
small stressed zone around de defect, he constlatsendurance threshold corresponds to crack growt

threshold. He shows that the maximum stress intiefesitor K naxis linearly related to the/area parameter for
different crack geometry and then links the endceathreshold and this size parameter. He showsfonad

th,eff

given Vickers hardness, fatigue crack growth tholsliepends mainly on/areaparameter. Murakami has

proposed an empirical equation based on the dsfeet (v area) and the material hardness to predict the

fatigue limit of materials containing small defects
Murakami proposed the following empirical relatidos tension loading:

_AH, +120){1— RT

" ( area)l/6 2
with A= 143for surface defects and\ = 156 for internal defects angt = 0226+ H_ *10™.
For torsion loading and surface defects, the fatigmit is given by the following equation:

_ 093H, +120) [1— RT
Ty = 1/6

F(b/ a)(\/ area) 2
with  F(b/a) = 0.0957+ 211(b/a) - 226(b/a)? + 109(b/a)® - 0196(b/a)* and

b/a =1for spherical defects.
For combined tension-torsion loading, the fatigogtlis given by the following relation:

A(H, +120)[1— RT
1/6 2
( area)

Where 0, is the maximum principal streg$,is the minimum principal stress akd= —0.18 for cracks

emanating from a round defect.

There are two parameters that have to be identiiedurakami’s relations: the macroscopic Vickéerdness
(H, = 80 MPa for A356 T6) and the b/a parameter (b/afer spherical defect). Murakami’s equation isye
simple to identify but the limitation is mainly dbe the description of the stress state that isabtg to take into
account for a general multiaxial loading.

The ‘critical distance’ approach and the ‘gradiestte needs a multiaxial fatigue criterion to beli@gp In this
paper, we decided to use the equivalent stresopeabrecently by Vu [11] that aims to describerthdtiaxial
behavior for complex loading using invariant apmtoa This equivalent stress needs only analytical
computations but we could use another criteriohst the following results comparing the approacdhesnot
depending on the criterion.

Uquu = \/yl‘]lz (t)z + yz‘]Zz,mean(t)2 + y3| f (Il,a’ I].,m) < ﬂ

_ 1t
With 3, 0= 28,0:5,0) Where S=Z-2t(E) + Jppe=T[ 350
T T 0

_1 - 1{ , } -
1 _E{r%?x'l(t) _m&nll(t)}v lim :E ngD?XH(t) +r{1D|Tn|1(t) and I (Ipa01ym) = g+l

o, tko, =
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The values of;, V, ., Vs, [ and @ depend on the strength of the metal and are idedtifsing the parameters

2
2 f_l

t_
t,, f, and R,. For the A356 T6 alloy,, = f 3 - 411vPa, B=t, =80MPa and R, =317MPa

-1

so ); = 065,y,=0.8636anda =1.

The second input data needed by both ‘criticalatise’ and ‘gradient’ approaches is the stressildigtion
around the defect. In order to compute local seessound the defect represented here by a spheoida the
analytical theory of Eshelby have been used.

This CDM is based on the approach proposed by SusmieTaylor. [12] This approach describes theuifice
of the defect through the measurement of the sisefscompute the equivalent fatigue stress atengiistance
from the defect. We need therefore the evaluatiom® stress field around the defect as explairefdre. The
maximum equivalent stress is calculated at thedcatitdistance L/2 from the tip of the notch. Theidae

limit 0. is established as follow:
L))
Mgc{aquu(zj] - ﬁ
With O the nominal applied stress.
The parameter we have to identify to use thisddh is the parameter L/2. This distance is thetagice from
the notch tip to the point whemeqvu = [. We need therefore an experimental fatigue limitd given defect

size to make the identification of L/2. The followji case has been used = =85MPa for v/ area,; =400um.

coref
It has been found that L/2 = 79um.
Nadot, Gadouini [13, 14] proposed to compute arivedent stress that includes the effect of the deeflierough
the description of the stress gradient around #iead. The criterion is written as follow:

*

— quu
Jeq quuMax|:1 b } s ﬂ

UquuMax

lo} -0, _ . .
Where [g,,, = eqvuMax  “eqVue g the equivalent stress gradient,
area

g,

equumax IS the maximum equivalent stress calculated atighef the defect and

g

equuex 1S the nominal equivalent stress calculated famfthe defect.

To use this criterion, the parametb5 has to be identified. It has the dimension of agthn(yarea). This
parameter allows accounting for the defect geometiy is calculated using fatigue limit of mategahtaining

a known artificial defect. Identification is perfoed on the reference loading case

(o, ., =85MPaandyarea, =400um):

ooref

\/?eaf quuMax Jquuoo
Tel
eqVuyMax /8
The calculation of the stress field around the ciefe performed using the analytical computatioplained
before.

Under tension, critical distance and gradient apphes are very good for the values but this issngprising
because one experimental point is used for thetifitextion. The trend is also well described. Muaak's
equation leads to non conservative result butriéredtis well described. LEFM gives conservativailtsswith a
good trend. Under torsion, all approaches areivelgtgood for values and trend; expect Murakanai ik again
non conservative and critical distance that tendstgess a small allowable defect size. Under carddmading,
all approaches are non conservative except Murakégain the critical defect size is largely unde¢ireated by
the critical distance theory.
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Figure 7. comparison between experimental results and stiook(tension, R -1).
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Figure 9: comparison between experimental results and stionk(tension-torsion, R -1).

Figure 10 gives another viewpoint on this comparidry plotting the error between simulation and each
experimental result for the four approaches andoall cases. Negative values are related to nogecoative
assessment and positive to conservative ones. Walsa average the absolute error given by eachoapb;
this leads to the following result LEFM = 19 %, Miami = 20 %, critical distance = 11 % and gradieBt%.
From this general average comparison we can coedhdt the description of the defect through theestit
stress field (gradient or critical distance apphagives better results that LEFM or Murakami. Biuive
include in the comparison the ‘identification cogtien Murakami’s equation remains very good beeaimi
can give the fatigue limit of the material for @ifént defect sizes, three load cases using onlyndoeroscopic
hardness of the material. LEFM gives also in averageresting results related to the fact that oohe
experimental parameter is used: the effective tulels stress intensity factor for long cracks. Batiitical
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distance method proposed by Susmel and Taylor eedient one proposed by Nadot are good in average b
you have to describe the elastic stress field afote inclusion and get three experimental fatigjoets
including one with a defect. It is important to @dhat elastic computation of stresses is releiattte case of
A356-T6 because fatigue limit is half the yieldests so that there is a very little amount of piétstat the tip of
the defect.
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Figure 10: Quantitative comparison between simulations anamental results for the four approaches
tested.

3. CONCLUSIONS

- In cast A356-T6 submitted to multiaxial fatigueating, fatigue cracks can initiate either on castefects or
inside the microstructure. Both scales are in cditipe for the localization of cyclic plastic defoation that
induces the initiation of the crack that leadsatitufe.

- When the crack initiates on a defect, it can bdifferent types: oxide, pore, or shrinkage.

- The critical defect size that does not affect fdtggue limit is 400um +/- 100um in A356 T6. This result is
obtained for both artificial and natural defect @edsion, torsion and combined loading for a loatébrR = -1.

- Multiaxial Kitagawa type diagram are simulatedngsfour different approaches: Murakami, LEFM, toal
distance’ and ‘gradient’. Results shows that Muraka equation gives mainly non conservative resits
A356-T6 with an average error of 20 % error. LEFMmainly conservative with an average error of 19 %
Critical distance and gradient are both equivalesith mainly conservative results and average ewbr
respectively 11 and 9 %.
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