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A study of the residual fatigue life prediction of 6061-T6 aluminum matrix composite
reinforced with 15 vol % SiC particulates (SiC,) by using the acoustic emission technique
and the stress delay concept has been carried out. Fatigue damages corresponding to 40,
60 and 80% of total fatigue life were stimulated at a cyclic stress amplitude. The specimens
with and without fatigue damage were subjected to tensile tests. The acoustic emission
activities were monitored during tensile tests. It was found that a lower stress level was
required to reach a specified number of cumulative AE events for specimens fatigued to
higher percentage of the fatigue life. This stress level is called stress delay. Approximately a
linear relation was found between stress delay and fatigue damage. Using the procedure
defined in this study, the residual fatigue life can be predicted by testing the specimen in
tension and monitoring the AE events. The number of the cumulative AE events increased
exponentially with the increase of strain during tensile tests. This exponential increase
occurred when the material was in the plastic regime and was attributed mainly to SiC
particulate/matrix interface decohesion and linkage of voids. In high cycle fatigue, it was
observed that the residual tensile strengths of the material did not change with prior cyclic
loading damages since the high cycle fatigue life was dominated by the crack initiation
phase. © 1999 Kluwer Academic Publishers

1. Introduction life with an order statistics procedure, the number of
In recent years, the metal matrix composites (MMCs)cycles left until failure can be evaluated.

reinforced by ceramic particulates have received a Fangand Berkovits [4, 5] studied fatigue damage ac-
wider acceptance as structural materials in desigeumulation by acoustic emission on Incoloy 901 and
of many components. These materials can be marthe cumulative fatigue damage was revealed by inte-
ufactured by either casting or a standard powdegration of the cumulative ringdown counts. Three dam-
metallurgy technique. Aluminum-based particulateage phases were recognized in the fatigue: (i) initial
reinforced MMCs have a high specific strength andelastic softening, (ii) crack incubation and initiation,
stiffness, which make them attractive materials for auto<iii) crack propagation. A model was developed to de-
motive and aerospace industries. Since these materidiige this three stages based on the AE activity due to
are being used where they are subjected to cyclic loaddislocations and from cyclic hardening/softening. To
ing, itis important to predict the fatigue life and under- assess fatigue damage accumulation, a damage param-
stand their damage mechanism using a nondestructiveter was defined as the ratio of total ringdown counts ata
evaluation technigue. The acoustic emission technigugiven moment to the sum of ringdown counts occurring
is found to be very useful to monitor and collect the until failure. An expression for this damage parameter
information about the damage in materials. in term of fatigue life was obtained.

Baram and Rosen[1-3] monitored acoustic emis- Bhatet al [6] studied the fatigue behavior of glass
sions from aluminum alloy 2024-T3 and 7076-T6 dur-fiber reinforced plastic. The specimens were subjected
ing low cycle fatigue experiments. The extreme AEto a cyclic load level while the acoustic emissions
peak amplitudes were treated by order statistics. It wawere monitored. The data were classified using pattern
found that the extreme AE peak amplitudes to be exfecognition techniques. Each of the AE data files col-
tremely distributed and a formal relation existed be-lected from individual tests under fatigue loading was
tween the extreme AE peak amplitudes and the extremgubjected to clustering by the threshé&ldneans algo-
fatigue crack propagation rates. They concluded thatjthm. It was found that the different stages of fatigue
by treating the extreme value among the AE ampli-process were marked with different clusters of AE sig-
tudes collected during a specific interval of the fatiguenals. Itwas concluded that a measure of these categories
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of AE events at any instance can yield a measure of th&iC particulate reinforced Al matrix composites non-
cumulative damage undergone by the material and cadestructively using acoustic emission method, and iden-
help in prediction of residual life. tifying the damage mechanisms.
Despite these investigations, there are limited stud-
ies using these techniques to evaluate residual fatigue
life of particulate reinforced MMCs and identify the 2. Experimental
sources of acoustic emission. Niklasal. [7] studied 2.1. Material
the acoustic emission during fatigue crack propagatiomhe material tested was 6061-T6 aluminum alloy rein-
in AA6061 reinforced with 5,10 and 20 wt % SiC  forced with 15% volume fraction SiC particulates. The
The fatigue tests were done on single edge notchedominal particulate size is Bm. The materials were
specimens. It was found that the acoustic emissionprovided by the Army Material Research and Tech-
increased with the addition of SiC particles. Further-nology in Watertown, MA. The materials were manu-
more, cumulative number of acoustic emission eventsactured by ALCOA by blending atomized aluminum
was also increased with increase in the fatigue crackilloy powders with Sig, compacting by cold isostatic
growth rate. pressing, densifying to roughly theoretical density by
To use the above techniques to predict the residualegassing and vacuum hot pressing, and finally extrud-
fatigue life, itis necessary to monitor the acoustic emis-ing into plates with thickness 2.54 mm.
sion when the specimen is under cyclic loading. This Al,C3; formation is one of the main reactions
is time consuming and it may be difficult to eliminate observed in Al-SiC systems. Although a small reaction
extraneous background noise. Background noise is parone is desirable for bonding particle to matrix, its over
ticularly serious in fatigue for two reasons: the AE sig- growth is known to significantly degrade the properties
nal level in fatigue is relatively low, while the cyclic of the material [9]. The extent of the reactions depends
loading process is inherently noisy. on alloy chemistry and processing conditions, partic-
The AE [parameter] delay concept introduced byularly temperature and time. Preliminary investigation
Williams and Lee [8] could be an alternative to avoid of the as received composites showed no formation of
those difficulties with background noise. A specimenAl4Cs. This is the result of the relatively short duration
after suffering a certain damage level was subjected tand low temperature involved during processing of
tensile load and AE activity was collected. As illustratedcomposite.
in Fig. 1, the AE [parameter] delay was defined as the
parameter value that was required to produce a specified
low baseline level of cumulative AE measure. The [pa-2.2. Fatigue and tensile test
rameter] can be load, stress, strain, displacement, timén Instron 1350 Material Testing System was used to
temperature, load cycle, etc. conduct fatigue and tensile test. The specimens were
The purpose of this paper is to study the fatigue propdog-bone shape with a cross sectioB®x 2.44 mm
erties of SiC particulate reinforced 6061-T6 aluminumand a gage length of 25.4 mm, Fig. 2.
alloy. The concept of stress delay is used to explore In the tensile test of undamaged specimen, the ul-
its feasibility in predicting the residual fatigue life of timate strength and yield strength of the material was

Cumulative AE Measure

AE [parameter]
delay baseline level

Parameter

vy

AE [parameter]
delay

Figure 1 Schematic diagram of cumulative event vs. a parameter showing the concept of AE [parameter] delay [8].
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Figure 2 Schematic diagram of the fatigue and tensile specimens and AE sensor placement, dimension in mm.
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Figure 3 Schematic diagram of the acoustic emission experimental setup.
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Figure 4 Stress-strain curves and cumulative events vs. strain of the as received specimen and specimens with different fatigue damage levels: (a) as
received, (b) 40% damaged, (c) 60% damaged and (d) 80% damaged.
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Figure 6 Stress and cumulative events vs. strain for the matrix material, 6061-T6 aluminium alloy.

Figure 7 Tensile fracture surface of an as received specimen, showing voids formation.

found to be 514 and 410 MPa respectively. The AEmaximum stress was 287 MPa, which was about 70%
activities were monitored during the test. of yield strength of the material. The fatigue life of the
In fatigue experiments, specimens were subjected tmaterial at this cyclic stress range was 1,802,300 cy-
a constant cyclic stress amplitude at cyclic stress ratiales. To stimulate fatigue damage of 40, 60 and 80%, a
(omin/omax) Of 0.1 and frequency of about 6 Hz. The number of specimens were subjected to fatigue with the
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Figure 8 Distribution of events by event duration in 3 regions in as received specimen.

same fatigue parameters up to 720,920, 1,081,380 artd reduce the noise level from the system. The band
1,441,840 cycles respectively. After fatigue damagepass filters in the preamplifiers was of 125-250 kHz
specimens were subjected to tensile tests. The residu@fL12) and floating signal threshold setting of 0.3 V
tensile strengths of the material were evaluated and theas used to eliminate the background noise. Two sen-
acoustic emissions were monitored during the tensilesors were placed in linear location array. The tests were
tests. Unreinforced 6061-T6 aluminum alloy was alsorun in time-difference module TDM. The lead pencil
subjected to tensile test. The AE activity during the tesfractures were used to simulate AE signals in the cal-
was monitored for comparison. ibration of each test, according to the ASTM standard
[10]. A region between two sensors was specified from
2.3. Acoustic emissions monitoring which all AE data was collected and analyzed, Fig. 3.

Acoustic emissions were monitored with an AET 5500The other unwanted signals outside of this region were
computerized system. Two 175 kHz piezoelectric senf€jected by the software.

sors were clamped to the gage section of the specimens

with a spring clamp system. The sensors were coupled. Results and discussions

to specimens with a couplant. Two 60 dB preampli-In the tensile tests of this study, the number of cumu-
fiers were used which with 10 dB system amplificationlative AE events increased exponentially after material
provided the total system gain of 70 dB. Teflon-rubberyielding. However, this increase slowed down before
sheets were used between the specimens and the grige final failure except for the specimens with the 80%
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Figure 9 Distribution of events by peak amplitude in 3 regions in as received specimen.

fatigue damage, Fig. 4. The rate of the AE activity de-ing to dislocation motion, Cousland and Scala [14—16]
fined asA (Events)A(Strain) is shown in Fig. 5. Fig. 5 and McBrideet al. [17] relate it to fracture of large
shows that the maximum events rate occur well intainclusions in the material. Cousland and Scala studied
the plastic deformation regime of the material. The AEAA 7075, 7050, 2024, 2124 and 6061-T651. The AE
rate is then subsequently reduced until the specimeactivity under both monotonic and cyclic loading was
fails. These results are very similar to those reported byound to depend on the inclusion size and the number
Heipleet al. [11], Scrubyet al. [12, 13], Cousland and of inclusions. In AA 6061-T651, which has fewer and
Scala[14-16] and McBridet al. [17], and differ from  smaller inclusions than the others, fewer AE activity
those reported by Mummengt al. [18] who found a was observed. Furthermore no AE was detected dur-
constant event rate when testing aluminum alloy 1070ng compression deformation. McBridgs al. did not
and 5050 reinforced with SiC particulates. detected AE from inclusion-free AA 7075-T6 during
There are many suggested mechanisms for the olslow fatigue crack growth. Therefore, the AE events
served acoustic emission activity in aluminum alloyswere attributed to the inclusion fracture.
and particulate reinforced aluminum alloys. While Based on our experimental observations, the ini-
Heiple et al. [11] and Scrubyet al. [12, 13] relate the tial exponential increase of the acoustic emission
high rise in AE activity on the onset of material yield- events were related to the numerous void nucleation,
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Figure 10 Number of the events with event duration 0-50 microseconds vs. fatigue damage.
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Figure 11 Distribution of events by peak amplitude, for specimens with different damage levels.

particle/matrix debonding and the linkage of voids. Thelt has been shown [11-13] that the AE activity corre-
events are then slowed down as the number of partisponding to dislocation motion increase upon material
cle/matrix debonding reduces. These conclusions argielding and slowed down due to dislocation pinning.
justified as follows. The AE activity of the composite Furthermore, AE activity of unreinforced 6061-T6 un-
initiated well into the plastic regime of the material. der the same experimental condition was evaluated and
Therefore, dislocation activity could not be consid- a very few AE events were detected during tensile test,
ered as an AE source for this group of the compos¥ig. 6. The AE activity of our composite also could not
ites. The AE activity from dislocations depends on thebe related to the inclusion fracture. The micromech-
dislocation density and distance dislocations can moveanisms of the failure were studied using a scanning
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Figure 12 Distribution of events with 65-100 dB peak amplitude by peak amplitude, for specimens with different damage levels.

electron microscope, Fig. 7. The fracture surface waet al. [21] on the same material indicated preferential
covered with voids and only with a very few particles cracking of the reinforcement particles in the underaged
fractured. composites, whereas overageing led to more frequent
These results are consistent with those reported binterface debonding. The structure of the interface is
Mummeryet al. [18] and Niklaset al. [7], who related also found to be related to the processing method of
the AE activity in a SiG reinforced aluminum alloy the composite. Romeret al. [22] found the interface
to the rate of the void nucleation at the particle/matrixin a powder metallurgy processed was relatively clean
interface and the growth of the voids. Void nucleationof precipitates or void.
was observed from onset of plastic deformation. Local Since our composites were manufactured by powder
failure processes in the matrix were shown to promotemetallurgy techniques, we believe the interface was not
void coalescence and dominate the ductility. strong, leading to the particle/matrix debonding in ten-
The interface region in a given composite determinesile test. This further confirms that the AE activities
the ultimate properties of the composite. A strong in-are due to void formation and linkage of the voids.
terfacial bond is usually achieved by the formation of The distributions of events by the peak amplitude and
an adequately thin layer at the interface under optimuniy event duration were analyzed by grouping AE data
wetting conditions of the molten metal on the reinforce-for each testinto three regions: the early activity (strain
ment. However, SiC exhibits a poor wettability by a range of 0-0.8%), exponential rise (strain range of 0.8—
molten matrix. Addition of alloying elements, such as 2.2%), and final slow down region (strain range of 2.2%
lithium and magnesium, has proved to be an effectivao failure) (see Figs 8 and 9). Figs 8 and 9 show that
method to enhance the wettability of the reinforcementistribution of events are similar in the three regions.
by the molten matrix. Some of these alloying elementsThis may indicate that the same mechanisms are op-
can react with the reinforcement to form chemical re-erating in all three regions. Furthermore, majority of
action products at the interface. Carotenet@l. [19]  the activity in each region corresponds to events with
showed that the SiC-Alinterface is chemically stable atsmall event duration (less than »3) and 60-64 dB
temperatures below 65C. At higher temperature SiC peak amplitudes. This again confirming that a single
reacts with aluminum leading to formation of/8z;and  dominating mechanism is responsible for the compos-
Si at the particle/matrix interface. Waegjal. [20] ob- ite failure. The distribution of events apparently did not
served formation of magnesium aluminate Mg®@l, a  change by exposing specimens to fatigue. However, the
spinel at the interface of A356 reinforced with 15 vol % number of activity reduced with the fatigue exposure,
SiC,. In addition, fractographic observation by Vedani Fig. 10.
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TABLE | Residual tensile strength after fatigue damage

Specimen condition No damage 40% damage 60% damage 80% damage

Ultimate strength 514 MPa 510 MPa 500 MPa 517 MPa
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Figure 13 (a) Events with 60—64 dB peak amplitudes vs. fatigue damage and (b) Events with 65-100 dB peak amplitudes vs. fatigue damage.

Comparison of the tensile strength of the specimensSiC, and SiC/Matrix interface are the preferential crack
with different fatigue damage level showed that the fa-nitiation sites [23]. Skolianos [24] studied the fatigue
tigue damage almost did not affect the tensile strengtivehavior of SiG reinforced Al-4.5%Cu-1.5%Mg com-
of the material (Table I). This agrees with the high cy- posite. Metallographic examination of crack nucleation
cle fatigue mechanism. In high cycle fatigue, the fa-and growth carried out on electropolished specimens
tigue life is dominated by the crack initiation period indicated that SiC particulates appear to have a signifi-
and cracks are only initiated at the final stage of the facant stress-raising effect on the formation of slip bands
tigue life. At 40, 60 or 80% damage level, cracks eitherand cracks. During high cycle fatigue, the stress is not
have not initiated or initiated cracks are within statis-high enough to initiate crack quickly. Even cracks were
tical size of the defects in the material, so the tensilenitiated, their sizes were small. The fracture surface
strength of the material did not change significantly duesvaluation of the fatigued specimens indeed indicated
to prior exposure of specimens to cyclic loading. of no crack growth regions. The detected AE activity

The contribution of the reinforcement to crack ini- therefore are not due to any crack growth.
tiation depends on the reinforcement volume fraction, The distribution of events by peak amplitude for
shape, size and interfacial bond strength. A numbespecimens with different percentage of damage is
of studies on the fatigue crack initiation in Si@- shown in Fig. 11. The events with 60-64 dB peak
inforced aluminum alloys have shown that the crackecamplitudes were subtracted from the total distribution
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in Fig. 12. Fig. 13 shows that the number of eventsto linkage of voids. The specimen could be assumed to
with 60—-64 dB peak amplitudes reduces linearly withfail upon having a critical number of debonded parti-
the increase of fatigue damage while the number of theles. This critical number could be reached by a com-
events with 65—100 dB peak amplitudes had no obvioudination of tensile load and prior fatigue damage. The
change with increase of fatigue damage. If the eventé\E activity due to the void linkage should therefore be
corresponding to the particle/matrix debonding are asindependent of the fatigue damage status.
sumed to have peak amplitude in the range of 60—64 dB, The results also show a linear relation between the
the remaining distribution could be assumed to be dueesidual fatigue life and the stress required to produce
a specific cumulative events, Figs 14-16. Therefore,
acoustic emission could be used effectively to predict
&0 the residual fatigue life of this group of composites.

[9)]
o
s

4. Conclusions
Acoustic emission activity of a Sireinforced 6061-
T6 aluminum alloy was monitored during tensile tests
in the as received specimens and after specimens were
| 40% damaged subjected to cyclic fatigue loading for a number of cy-
80% damaged cles. It was found,
/ (1) The AE activity rises quickly once the material

| . is well in the plastic regime. The activity was related to
______ i the particle/matrix debonding and linkage of voids.
g ’ ! ’ ’ (2) The tensile failure was postulated to occur in a

. 1 o R0D o _00 material having a critical number of debonded parti-

SteEs{MPE) cles. The number of debonded particles increased with

Figure 14 Cumulative AE events vs. stress for as received specimen an(]jhe_lncreas_e of the _fatlgue damage. The SUbS_equent AE
specimens with 40, 60 and 80% fatigue damage (specimens load up @CtiVity during tensile tests thus decreased with the fa-
total cumulative events of 50). tigue damage.
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Figure 15 Stress delay vs. fatigue damage for the cumulative AE events of 3.
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Figure 16 Stress delay vs. fatigue damage for the cumulative AE events of 4.
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(3) There was little difference in the AE activity of 1o0.

the specimens in the second stage of damage, which is
the linkage of voids. 1
(4) Linear relations were found between the number

of events with 60—65 dB peak amplitude and the resid+,.

ual fatigue life, and between stress required to produce

a specific cumulative events and the residual fatigués-

life.

(5) In high cycle fatigue, the residual tensile strength14'
of the SiG, reinforced 6061-T6 aluminum alloy com- 15
posite was found not to be affected by the prior cyclicie.
loading. The crack initiation period dominated the life 17.

of the composite in the high cycle fatigue regime.

19.
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