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NOTCH BEHAVIOR AND FATIGUE LIFE PREDICTIONS OF DISCONTINUOUSLY REINFORCED MMCs

TEST UDARNOSCI I PRZEWIDY WANIE WYTRZYMALOSCI ZMECZENIOWE]J NIECIAGLE UMACNIANYCH KOMPOZYTOW
METALOWO-CERAMICZNYCH

In this study, three notch geometries were assessed with different stress concentration factors. The severity of a notch

increased with the stress concentration, hence the fatigue lives dramatically reduced due to increasing stress concentration
factor. Fatigue life predictions for the notch geometries have been performed by using a critical strain life approach. It is shown
that the model provides a reasonable fatigue life estimation for various notch geometries, volume fraction, and reinforcement
particle size of the Al metal matrix composites. Typical crack initiation sites related with the particle clusters, large particles,
and intermetallic particles. Although, crack propagation in the reinforced alloy occurred predominantly in the matrix material,
SiC particles (SiC,) played a significant role in influencing the crack path.
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W pracy, badano trzy geoemetrie karbu w powigzaniu z ré6znymi wspélczynnikami koncentracji naprezen. Wielko$¢
pekniecia rosla z koncentracja napr¢zen, a tym samym wytrzymato$§é zmgczeniowa byla drastycznie obnizona ze wzgledu na
zwickszony wspélczynnik koncentracji naprezen. Przewidywania trwatosci zmeczeniowej dla réznych geometrii karbu zostaly
wykonane przy uzyciu krytycznego czasu odksztalcenia. Pokazano, ze model umozliwia wystarczajace szacowanie trwalo-
Sci zmeczeniowej dla réznych geometrii karbu, frakcja objetosci, i wielkosci czastek zbrojenia aluminiowych kompozytéw
metalowo-ceramicznych. Typowe miejsca inicjacji peknigcia zwigzane byly z klastrami czastek, duzymi czastkami, i czastkami
intermetalikéw. Pomimo, ze peknigcia w kompozycie mialy miejsce gtéwnie w materiale matrycy, czasteczki (SiC,) odegraty

znaczng rolg¢ w ksztaltowaniu $ciezki pgknigcia.

1. Introduction

Discontinuously reinforced metal matrix composites
(MMCs) are excellent candidates for structural compo-
nents in the aerospace and automotive industries, where
they are usually subjted to cyclic loads. The fatigue be-
havior of these composites has been received quite rea-
sonable attention. The tensile responses [1], High Cycle
Fatigue (HCF) responses [2], and Low Cycle Fatigue
responses (LCF) [3] of Al-SiC, composites were exten-
sively investigated. An extensive review about the fatigue
of materials and structures can be found in detail by
Schijve [4]. The fatigue response of these MMCs has
been influenced by the following properties: reinforce-
ment type (continuous, whisker or particulate), volume
fraction of reinforcement, composition, heat treatment,
notch behavior, elevated temperatures, environment, and
processing technique (casting or powder metallurgy) [5].

*

Fatigue analysis has become an early simulation in
the product development process of a growing number
of industries. In general, LCF involves large cycles with
high amounts of plastic deformation and relatively short
life. However, HCF is associated with low stresses and
long life in which stresses and strains are largely con-
fined to the elastic region. Fatigue analysis refers to
three methodologies: i) local strain or crack initiation,
ii) stresses life, and iii) crack growth or damage toler-
ance analysis. Most of fatigue life estimations depend on
the methodology data mentioned above. However, many
energy-based predictions have also been proposed in the
literature [6]. It is almost impossible to avoid notches for
most of engineering components. Due to stress concen-
trations (notches or defects), the local material yields
firstly to redistribute the loading to the surrounding
material, following with cyclic plastic deformation and
mean stress relaxation. Predicting fatigue life is a critical
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aspect of the design cycle because virtually every man-
ufactured product will wear out or break down. In this
study, fatigue data were applied to the early fatigue lif-
ing methods based on the critical strain life approach,
generating stress-life (S-N) and strain life (e-N) curves
to set safe operating conditions for service. The critical
strain technique assumes that if a plain specimen and a
notch are loaded under identical strain conditions, then
they will fail in the same number of cycles. Hence, three
different notch geometries with different stress concen-
tration factors were used for the prediction of fatigue life.

2. Experimental procedures

Commercially 2124 (Al-Cu-Mg-Mn) Al-alloy with
25% vol. with SiC particles were used. All of the ma-
terials were produced by Aerospace Metal Composites
(U.K.), which were referred to as AMC 225 (25% vol.
2-3um SiC,). The materials were extruded as a circular
bar with two meters long. Prior to the machining process
a solution treatment was applied which was at 505 C for
lhour, followed by cold water quenching after that nat-

ural ageing (T4) at room temperature for 100hour. Cyclic
fatigue tests on MMCs were carried out on a comput-
er controlled Instron servo-hydraulic test system. Load
controlled fatigue tests employed at 1 Hz sine wave-
form, with the effect of mean stress assessed using R
ratio (R=0). The alloy composition is given in Table
1. A laboratory fatigue specimens were machined using
polycrystalline diamond. All tests were performed twice
and their average values were taken. The parallel sided,
double edge notch (DEN) specimens with its 3mm radius
notch and average elastic stress concentration factor K,
1.9, semi circular Round Edge Notch (RCN) specimens
with K;= 1.4, and “V” Circular Notch (VCN) specimens
with K,= 2.7, have been employed. Some LCF fatigue
data were used for the predictions. Detailed information
and experimental results about LCF were given in Ref-
erence 3 and 5. The geometries and dimensions of the
specimens were shown in Fig. 1. The fracture surfaces of
specimens were examined in a scanning electron micro-
scope to determine the predominant fracture modes and
to characterise the fine scale topography of the fatigue
fracture surfaces, JEOL 35 ¢ SEM, was used.

TABLE 1
Chemical composition of the composites
Element Cu Mg Mn Fe Zn Si Cr Others Al
Weight % 4-4.4 1.3-1.6 0.5 0.3 max 0.25 0.2 0.1 0.45 total Balance

Fig. 1. The geometries and dimensions of the a) DEN, b) RCN, ¢) VCN specimens



3. Results and discussions
3.1. Notch severity effects

S-N data for three different notch geometries were
presented in Figure 2. The graphs show how the fatigue
life of AMC 225 composite material decreased with in-
creasing stress concentration factor (K;). The K; factors
are 2.7 (VCN), 1.9 (DEN), and 1.4 (RCN). Best fit curves
were constructed by exponential equation that was shown
in the same figure. The curves suggest that the least se-
vere notched specimen (RCN) was the most resistant
to crack initiation, while the sharpest notch (VCN) was
the least resistant. Similar effects of notch severity on
fatigue performance have been reported for 1045 steel
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under constant amplitude, R=-1 loading. The effects are
especially pronounced in the HCF region [7]. The peak
elastic stress (0 4ema) at the notch root can be obtained
by multiplying the stress concentration factor by applied
maximum stress:

O actual= Kt * O nominal (D

When data were re-expressed as (peak elastic stress)
K;0om against number of cycles, the DEN and RCN
data superimposed, but the VCN gave more cycles for
a given peak elastic stress (see Figure 3). This can be
related with the increased concentration at the root of
notch associated with a different stress state.
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3.2. Fatigue life predictions

Life predictions based on either stress life or strain
life curves were widely reported for monolithic materials
[8]. The critical strain life prediction method was applied
to the notch test pieces in this study. The constants and
coefficients used in the calculations were given in Table
2. Those constant and the monotonic tensile test para-
meters (E, o, UTS) were used to predict fatigue life
for three individual notch geometries. The calculation of
the fatigue life for each notch geometry was based on
the Coffin-Manson equation:

Agi= Cp(Np)™ +Ce(Np)* )

Where Ag,, the totalstrain range, Ny, the number of
cycles, a;, plastic strain exponent, a;, elastic strain ex-
ponent, C,, plastic strain constant, and C,, elastic strain
constant at Ny = 1. Details about LCF of these compos-
ites were discussed in reference [3]. The critical strain
technique assumes that if a plain specimen and a notch
are loaded under identical strain conditions, they will fail
in the same number of cycles. To apply this approach,
the strain and stress at the critical notch must be de-
termined. Estimation of the notch tip stress-strain of the
material, Neuber’s rule or Glinka’s methods were used in
general [9]. In this study, stress and strain values were
obtained using the Neuber relationship. The Neuber’s
rule [10] states that the theoretical stress concentration,
K;, is equal to the geometric mean of actual stress and
strain concentration:

K=vko - ke 3)

Where ko = actual stress concentration = Aog/Acd,, ke
= actual strain concentration Ag/Ae, on submition Equa-
tion (3) becomes:

K; = J(Ao/Ao,) - (Ag/Ae) 4)

If the nominal stress and nominal strain are elastic, then
the Equation (4) becomes:

K, Ao, = (Ao - Ae - E)'? (5)

With K, is the theoretical stress concentration factor and
E is the Young Modulus.

TABLE 2
Coefficients to describe the strain control fatigue response of MMCs

R ratio | Material @ C, a C.
0 AMC225 | -0.311 | 0.0553 | -0.0088 | 0.00223
0.5 AMC225 | -0.193 | 0.02511 | -0.00876 | 0.0063
-1 AMC225 | -0.139 | 0.0199 | -0.00876 | 0.00112

According to the Neuber relationship, stress distri-
bution takes place from the peak elastic stress K,Ao,

to the cyclic stress strain curve, according to the rela-
tionship o x € = constant. The point of intersection of
this hyperbole with the stress-strain curve determines the
maximum stress and strain at the root of specimen. Ap-
plying the same technique to the unloading half-cycle
allows the local strain range to be defined. The Neu-
ber stress-strain distribution of each notch geometry was
given respectively in Figure 4. a-c. The maximum stress
and strain at the notch root was given by the point of
intersections of the cyclic stress-strain curve. These val-
ues were used in the calculation of fatigue lives for each
particular case. The predicted fatigue lives for the notch
geometries were shown in Figure 5.a-c. The data were
presented as a net section stress against cycles to fail-
ure. It can be seen that very good predictions can be
obtained by critical strain approach, but when they in-
clude mean stress on these data, the fatigue lives become
lower, so just critical strain prediction was applied for
the rest of data. A good correlation was demonstrated
for the DEN and VCN notch geometry however some
of the HCF data was lower than predicted values for
the RCN. Although the prediction of fatigue life can
be conservative as stress levels approach in the fatigue
endurance regime, the predictions in all cases within
the LCF regime (cycles <50.000) were considered to
be very favorable. This question is a common problem
of the fatigue life models, it is hard for one model to
cover both HCF and LCF ranges very well. Similar to
our results, the predictions with the modified equivalent
strain range method, gave accurate correlation with the
LCF experimental results, but it was not in the HCF
region [11]. Also, recently linear and bi-linear stress-life
models were applied to predict HCF region of various
Al alloys [12]. For severe notches (VCN) fully reversed
plasticity would occur, for this reason, strain control da-
ta generated under R=-1 conditions were used to predict
the notch behavior. Same method was also applied to
predict for the 17% vol. SiC,composites [13]. Also an
alternative method was used to assess notch data is; to
consider K; Ao the peak elastic stress range which adds
to the stabilized stress range included at the stabilized
condition during strain control tests. This method recog-
nizes the fact that, the stress range plays a significant role
in the initiation of fatigue cracks. Moreover, an analyti-
cal model for predicting the crack initiation life of LCF
of discontinuously reinforced MMCs has been proposed
on the basis of Gibbs free energy law. In this model,
the formation of a fatigue crack was considered to be
associated with the reduction of the internal energy that
could be expressed as a part of the area of saturated
hysteresis loop [14].
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3.3. Crack path particle interactions

A large number of test pieces encompassing the full
range of size and volume fraction of SiC, were exam-
ined. However, only AMC 225 is considered here. Typi-
cal fatigue crack initiation of VCN specimen was shown
in Figure 6.a where there are two crack initiation sites.
Multiple surface crack initiation sites were considered to
be common in 2xxx series Al-alloy MMCs and generally
associated with SiC,, clustering, large SiC, (bigger than
average particle size), or intermetallic particles (Fe, Si,
Cu, Mg rich) [7,15,16]. Also, triaxial stress and straining
were pronounced more for the VCN sample, thus it may
be the reason for the multiple crack sites. Apparently,
crack initiation event occured at the ‘weakest’ macro and
microstructural locations. The local stress and strains de-
veloped in the ‘weakest” microstructural locations, where
voids and microcracks formed. Nucleation of voids and
the formation of small microcracks at the particles ap-
peared to control the tensile strength and ductility of the
composites [17].

Typical crack path particle interactions can be seen
in Figure 7a and b. The crack path was considerably flat
and smooth in this material. Also in Fig. 7 a. demon-
strates how to the SiC, and intermetallic small parti-
cles were preferably aligned, parallel to the extrusion
direction which is perpendicular to the crack growth di-
rection in the test specimen. The dispersion of ceramic
particles in the metallic alloys induces a number of mi-
crostructural changes in the metallic matrix (enhanced
dislocation density, smaller grain size, weaker texture
etc.) which promote homogenous slip and inhibit the
formation of slip bands [18].

Although, crack propagation in the reinforced al-
loy occurred predominantly in the matrix material, SiC,
played a significant role in the influencing of the crack
path. There was a significant crack deflection caused by
relatively large reinforcement particles and surface deco-

hesion obtained by fine particles (Fig.7a and b). The fine
SiC,, did not crack easily, but they were responsible for a
large strain difference between the plastically deforming
ductile matrix and elastically deforming hard and brittle
reinforcement. This difference can lead to decohesion
of the particle matrix interfaces. The fracture stress of
brittle SiC, has been expressed in terms of equation
[19-20]:

osic = [7+ E - Gp/2(1 = V)P ] (6)

where, E, elastic modules, v, the Poisson’s ratio, G,
the critical strain energy release rate and P,, the particle
size. According to the above relationship, the fracture
stress is inversely related to the P, of the reinforcement.
For a constant volume fraction of reinforcement, the ten-
dency for SiC,, to fracture is greatest when the P is high
(see Fig.6b). Composite materials with coarse particles
exhibit a higher number of cracked particles at a given
stress or strain level, compared to those with fine parti-
cles, because of the high fracture stress of the latter [5].
Thus, the calculated fracture stress of 5um SiC, was
780MPa but for Ium SiC, was 1744MPa in 2xxx series
Al-alloy composites [21]. High magnification SEM stud-
ies showed that the crack appeared to seek out regions
where they had clustered or coarse SiC,. This process
was enhanced because of the local stress state near the
crack tip of the reinforcement which was much higher
than the average stress. The local stress concentration
causes constrained plastic flow which leads to voids ini-
tiating and growing along the interfaces between the re-
inforcement and Al-alloy matrix. The voids link up and
allow the main crack to progress to the next high stress
region where the crack is arrested until further voids
form. Consequently, it is not surprising to find that the
crack path and growth rates are irregular with the crack
frequently jumping between areas with a dense popula-
tion of SiC, but slowing in regions where the matrix
dominates.

Fig. 6. a. Multiple crack initiation sites b) particle cracking in the large reinforcement
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particles b) decohesion between matrix-particle interfaces and crack path deflection in the matrix

4. Conclusions

In this study, fatigue responses of 2124 Al-SiC,
MMCs were investigated with three different notch
geometries. The S-N curves of this composite were shift-
ed down due to the severity of notches. Also, critical
strain approach was used to predict to fatigue life of
materials. Method can be easily used for the LCF region,
but it underestimates the life of the material in HCF re-
gion. Hence, energy related or crack propagation related
fatigue life estimations can be adopted in this model to
predict better fatigue life, particularly in the HCF region.
Also, the finite element method can be used to predict
the stress-strain response of the notches. Most of crack
initiation sites related with the microstructural defects,
like large reinforcement particles or intermetallic parti-
cles. The distribution of fine and coarse particles inside
the matrix materials significantly affected the crack path.
Uniform distribution of these particles was crucial for the
determination of the materials toughness and ductility.
Thus, agglomerations of fine particles and more than
average particles may be avoided.
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