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ABSTRACT:

s paper describes a series of experiments examining the effects of loading variables on
sustic emission (AE) during fatigue of two differently processed 7050 Aluminium alloys. The
#ageriments were intended to explore the conditions under which acoustic emission had been
~ amerved in the late stages of an AMRL fatigue test on a large stand-alone fighter aircraft
~ Bsdkhead.
fsvestigation of the effect on AE of varying the stress ratio identified a major AE source during
wie loading part of the cycle under constant amplitude loading. Little or no peak-load noise was
setected. The major noise source was consistent with crack face contact and/or rubbing. The use
i a simple periodic-overload variable amplitude loading sequence confirmed the results of the
nilkhead test, in that when crack growth occurred by stable tearing at the overloads at a very late
~uape in the test, high levels of peak-load AE were observed. Several mechanisms could explain
_ ihis behaviour, but it is clearly associated with the rapid movement of the crack tip plastic zone
through a relatively large volume of material.

Apart from the potential use of the overload-associated AE to detect fatigue cracking late in
~ apwoimen life, the use of the other sources of AE identified in these tests is inherently unreliable,
~sumwe most of the AE is associated with crack closure and crack load history, and was for

example, extremely sensitive to the occurrence of individual overloads and underloads which

would change the level of AE output dramatically and for an extended period of crack growth.

 {INTRODUCTION

Acoustic emission (AE), ie. detection of elastic waves originating from the growth of cracks, has
tung been used to detect areas in steel structures which are noisy and which therefore potentially
sontain defects; techniques for locating the source of acoustic noise in a loaded structure or

~csmponent by triangulation are now well developed and have been extremely successful. The
wse of AE to detect growing fatigue cracks, in particular, is a very demanding challenge. since

~ the crack increment per load cycle is usually very small, and the acoustic energy is released
inzrementally over many cycles, unlike the situation in a proof test, where higher energy release
sates provide AE signals high enough to favour triangulation methods. There are many possible
ources of AE, which may all be acting at the same time, making it very difficult to separate out
the individual AE sources, without the use of expensive and sophisticated electronic equipment
1o quantify and evaluate the signal (Buttle and Scruby, 1990; McBride er. al, 1981). This
¢valuation generally takes the form of deductions based on empirical correlation between the
seasured signal feature and known physical anomalies.

A stand-alone bare bulkhead test, undertaken at AMRL (Anderson and Revill, 1990) was
_monitored using an AE system, and had shown an increase in AE output during the last 5-10% of
~ life when the crack was of significant size. On the basis of this experience, tearing-related AE
s therefore postulated as a possible explanation for the late onset of AE in the bulkhead case.
- Subsequent examination of the fracture surface confirmed that tearing had indeed occurred
~ during the period when the AE output was high, and the present series of experiments was
~ designed to investigate further this possible link, and the reliability of AE monitoring under such
~ gircumstances. Simple laboratory experiments were used, paying particular attention to the
~ ¢limination of spurious noise sources, in an attempt to associate a particular AE signal with its
mechanism by simple reference to the load cycle and fracture mechanics.

1501




1502 Clark, Sharp and Clayton
EXPERIMENTAL DETAILS
7050 Materials and Microstructures

Two commercial-grade aluminium alloys with differing microstructures, but each conforming to

Specification 7050-T73651, were selected for investigation (Barter ef al., 1990). The alloys were

chosen with two objectives in mind; firstly, to provide AE information about a particular

microstructure used in the aircraft fleet, and secondly, by comparison, to provide information
about potential variations in AE characteristics of the 7050 class of alloys as a whole.

1. The first alloy (P) was material extracted from the remnants of the FS-488 bulkhead test
article referred to earlier. The microstructure retained characteristics of the cast structure and
varied considerably through the plate thickness. Overall, it had a relatively coarse, duplex-
grained appearance, with many coarse inter- and intra-granular inclusions.

2. The second alloy (material S, supplied as 13mm thick sheet) was representative of material
subjected to a much greater level of working during manufacture, consisting of fine
homogeneous grains, and a dispersion of relatively fine inclusions; it therefore represented
the more heavily-worked surface regions of the thick-plate material P.

Specimens

From each material compact tension specimens (CTS) (see Fig.1) were machined in close
accordance with ASTM E647, with a thickness of 12.7mm and an initial starter notch at an /W
ratio of 0.375(where a is the crack length and W the specimen width. The specimen geometry
varied from ASTM E647 by having a small circular region machined on the back face to
facilitate correct placement of the AE probe, and several small holes in the front face to
accommodate screw attachments for potential drop crack length measurement. The specimen
surface was polished to allow optical crack length measurement.

Mechanical Tests and AE Set-up

Cyclic loading tests were carried out on a 50 kN servo-hydraulic testing machine. Particular
attention was given to methods for attenuating spurious noise which would confuse the results.
Specially-designed grips (Martin, 1984) were used to attenuate background AE noise transmitted
to the specimen via the loading frame. Preliminary tests with and without a hydraulic supply
confirmed that the grip setup attenuated hydraulic noise to a level below the background (static)
level. However, significant pin noise was still observed during the bottom 15% of the load
curve; this was present from the commencement of the test. The noise was confirmed as coming
from the pins by testing a keyhole sample (ie. a specimen identical except that it had a rounded
notch which would produce no crack-related or high-strain AE) at the same fatigue loads.
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Figure 2. AE system used during the test program. Computer
1 controls the hydraulic test machine while computer
2 does all the data acquisition and data processing

Figure 1. CTS Test specimen dimensions,
a/W = 0.375. The machined hole at
the back of the specimen locates the AE probe.

Acoustic Emission During Fatigue of Aircraft Aluminium Alloys 1503

41« AL setup involved a Dunegan/Endevco 9203A resonant probe (sensitivity 60.7 dB below

4% 'm/S), fixed gain preamplifier and Dunegan/Endevco 302A/303 Amplifier-Counter. The AE

signal, processed to give the count rate (or time-derivative), and the load cell signal were fed into
4 storage CRO so that signals could be inspected. The signals were also digitised and captured by
sumputer, to be processed later. The digitising rate, sampling period and amplifier gain were the
principal variables used in the experiments. The AE experimental set-up is shown schematically
i Figure 2.

testing Method.
i onstant-amplitude and varying R-ratio tests

{1 first tests were run using fairly simple conditions in order to examine basic features of the
Al output; a relatively constant P, (maximum stress) with two different stress ratios R (=Ppin /
#...)+ 0.1 and R = 0.5. The fatigue crack in the sample was grown at 5 Hz (R=0.1) for 0.5 to
& 7 mm, before the test was then slowed to 1 Hz and AE collected over numerous cycles. The
siress ratio was then increased to R = 0.5 and AE again collected. In both cases the specimen
was allowed a few cycles to settle in at its new frequency or stress ratio before AE was recorded.

{he stress ratio was adjusted back to R = 0.1 and the fatigue crack continued until the whole
~§%IR‘CHS could be repeated at another crack length. This allowed data to be collected for materials

* sind S at the two different R values for similar crack lengths and loads.

The test was set up to collect all the AE coming from the specimen over a wide range of
fivquencies, with no effort being made to locate the source directly. In this way it was hoped that
Al sources could be identified by reference to the loading variables, though care was taken to
gnsure that any external noise would be detected and identified.

Feriodic overload tests

1ii these tests, the fatigue crack was grown in specimens manufactured from bulkhead material

~ #ii1 under approximately constant load amplitude conditions, with an overload to 130% inserted

#very 10000 cycles. The crack was allowed to grow, thus increasing the stress intensity until, it
was hoped, stable tearing would occur, simulating the conditions experienced in the bulkhead.
the AE was monitored for 5 seconds before and after each overload, all at 1Hz.

#ESULTS

Microscopy

Analysis and comparison of the two microstructures has been reported elsewhere (Barter et. al,
1990). While both materials are 7050-T7451, the different microstructure of thg two samples
bad a significant effect on the fracture surface. The bulkhead material P (with its coarser
sicrostructure) had a very rough fracture surface, with large surface asperities and extensive
#iack oxide produced by rubbing. The fracture surface of material S, however, from the heavily-
worked plate, was quite smooth in comparison and while signs of rubbing were present, it had
sat occurred to the extent of that seen in the thick-plate material.

Al from Constant Amplitude Fatigue

~ Ihe favoured means of presenting the results is through superposition of the AE detected (shown

a4 count rate) on the load cycle, to aid identification of the source. Figure 3 presents typical

results material S; for three different crack lengths, several load cycles are shown. The AE
~ abserved on the low part of the falling-load side of the cycle was associated with the loading
~ syatem.

Kising-load AE

Hioth materials showed evidence of AE on the rising-load part of the cycle (as shown in the
sxamples in Figs.3, 4, 5 and 6). In some cases, the noise occurred at the low-load/medium-load
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part of the cycle, while in others, a second occurrence of AE was present at higher loads.
Sometimes the two blended together, but there were sufficient examples of the two appearing as
separate peaks to suggest that two distinct mechanisms were involved. Two mechanisms seem
capable of operating at these loads; one is AE from crack face “unsticking” ie. the release of
elastic energy when substantial load transfer between faces effectively ceases. The other, more
likely associated with AE which occurs elsewhere on the rising-load part of the cycle (in some
cases up to 80% of peak load), is rubbing between individual asperities, either through natural
surface topography or assisted by a microscopic mode II crack tip displacement component. The
two modes (unsticking and rubbing) are described collectively here as rubbing. The rubbing AE
increased with crack length as shown in Fig.3.
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Figure 3: Combined load/AE count rate (vertical

axis) plots for a range of crack lengths, material S.
PIN Each graph represents 14 or 15 continuous cycles at
NOISE the crack length nominated. (A) crack length =
0.4mm, (B) crack length = 1.0mm and (C) crack
length = 3.3mm. Note the pin loading noise at the
low part of the falling-load region, and how there is
very little peak AE and the increase in rubbing AE
with crack length.

(€)

The two materials behaved differently, as shown in Figs. 3 and 5; the rubbing noise from the
rough-surface thick-plate sample extended up to 80% of the peak cyclic load, whereas the
smooth-surface thin-plate sample produced AE only up to 50% of peak cyclic load, and usually
in smaller amounts, again consistent with crack face contact mechanisms.

Peak-load AE

Little peak-load AE was observed in both materials.

Falling-load AE

There is evidence in Fig.3 of small amounts of AE on the falling-load side of the load cycle,
separate from the pin noise identified earlier. This AE was intermittent, and at a fairly low level.
Its occurrence on the falling part of the cycle is consistent with it coming from contact or rubbing
between the crack faces on the closure part of the cycle.

Effect of mean stress

Figure 4 compares AE from material S for similar crack lengths at R=0.1and R=0.5. No
distinct or consistent AE was detected at the higher mean stress.
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{'igure 4. Graph of the effect of R ratio on AE. The horizontal axis it time showing a number of consecutive cycles
and the vertical axis is load or AE counts. Material S, 13mm plate at R=0.1, (top) and R=0.5 (bottom) . Note the
decrease in AE at the higher R value.

Addition of oil

For both materials the addition of oil into the fatigue crack produced a significant reduction in
Al from crack face rubbing (illustrated for material P in Fig.5) to the point that in many cases no
Al was detected at all anywhere on the load cycle.
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Figure 5. Graph of the effect of oil on AE. The horizontal axis it time showing a number of consecutive cycles and
the vertical axis is load/AE counts Material P at R=0.1, (left) without oil (right) with oil. Note that there is more

rubbing AE than for the S material, and that oil addition reduced rubbing noise. The pin noise, however, remains.
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AE from Variable-Amplitude Fatigue ~ signals tended to disappear and reappear in a cyclic manner, consistent with changes in crack

© e morphology. The “unsticking” process could be simply be the fracture of mechanically-

Figure 6 shows examples of the combined load/AE output signal sampled at various stages as the  j4y¢d asperities at a well-defined (usually low) load. Rubbing, in contrast, as observed, would
crack grew through the specimen. Each row represents a series of load cycles, including one . t-;(cxpected to occur over a range of loads, and to vary with time and crack length.
overload. ~ twcasional AE spikes were picked up at or near peak load, but these tended to be relatively small

~ tumpared to the rubbing spikes and in the majority of cycles the peak load was noiseless. What
‘ ~ signal was present would be expected to be associated with fracture processes in the high strain

;1“ Specimen failure ~ crack tip process zone, or fracture of inclusions.
VA VAVAVAVAVAVAVE ' P -
N\ IAVAVAVYAY, IAVAVANY; NG\ ~ Ihe falling-load AE was similar to that on the rising-load side, but with much lower amp e
NN VAVQJ//\,\;\\/%/\\;%:\\//\/\/\/’\\;%%%/\/\/ ~ 4nd count rate. In many cases, distinct AE was observed repeatedly at a single well-defined load
AN ’\_/\f\f\f\/\/\f\f\/\/\/\f\’f\/\/\, ~tevel, possibly associated with crack face contact, but rubbing would also be expected to occur at
AVAVAVANAN NS \/\/\/\_’/\/\/\/\/\ ~ Luads near this contact load; it is difficult to identify AE signals positively with either

’ / / - ~ shechanism.
\X%//\’\;\‘\;/\S;\\’/\’{\ y/\\%’;\/\‘//\\//k//\\//\\;\\:/\j; ’ A major conclusion from these results is that while the AE can be identified with specific
R AT ATATATATAV AV Y Y SV AT AV AT AT . now

Y PN AY S eV aVa VaVaVaVaVvaV: ~ jwchanisms and processes occurring during fatigue, the major AE type in these alloys is
DAV Y *\V\"\“’\/v\“'\/'\/’\/’\/ NN esceptionally sensitive to changes in loading history which affect crack closure and crack face
~ mibbing. As a means of tracking fatigue crack growth, AE is therefore inherently unreliable in

NNV VAVIVAVAVAVAVAVAVEVAVE

AAVAYA \/\/\\/\/\/\ VAVAVAVAVAVAVAVAV ihese alloys.
NN AN AANNANANANANANAN

; {he introduction of overloads into the test sequence led to generation of peak-load AE on each
averload. Some of the “overload” AE, with fairly low amplitude, was observed throughout the

w1, and presumably arises from the rapid growth of the crack tip plastic zone and process zone
~sausing a burst of inclusion fractures or other rapid events. Late in the test, however, th; onset of
~ more rapid crack advance through stable tearing appeared to be accompanied by increased
~ uverload” AE.  The tearing necessarily introduce rapid growth of the plastic zone, rapid
~ movement of the crack tip plastic zone and process zones though a large volume of material, and
~_extension of the crack into new material, and hence would be exp_ected to promote rapid

~ aperation of all of the mechanisms normally operating in crack extension, and possibly others.
f.xamples of possible AE sources include inclusion fracture and ;ap1d unloading of ligaments.
~_Ihe observation of high levels of “overload” AE were consistent with the results observed on the

stand-alone bulkhead.

Figure 6. Combined AE count rate/AE data for the variable-amplitude loading tests. Each row of cycles shows the
130% overload (obvious because of the increased AE), and neighbouring cycles of baseline loading. Crack length
increases from front to back, with failure occurring on the last overload cycle shown.

The baseline-cycling peak load AE remained at a very low level (much lower than the rubbing
noise, and invisible in Fig. 6) throughout the majority of crack growth. However, the AE which
occurred during overload was a dominant feature; it was high during the initial overload in the
test, and then decreased to a fairly steady condition, before rising in the last few overloads of the
test. Subsequent examination of the fracture surfaces confirmed that stable tearing was visible
on the surface, associated with the last few overloads.

Rubbing AE was very low at short crack lengths, so that the overload AE dominated. As the
crack extended, the rubbing increased, as had been observed in the earlier tests. Interestingly,
however, at very long crack lengths, the rubbing AE decreased slightly.

~ Hlubbing AE increased throughout the test, until the crack was close to failure; at this stage, tl_lc
_ rubbing AE appeared to decrease slightly. This is consistent with the higher crack growth rates in
~ ihis regime, in that higher growth rates will decrease the ability of asperities to make contact
thirough rubbing.
DISCUSSION -
Gieneral
ConsfagrAmpHR s Overall, the different types of AE observed throughout these tests displayed two different types
_ of variability. One was a cycle-to-cycle variation in output, and the other was a much longer-
_term drift in amplitude (over perhaps hundreds or thousands of cycles). The high level of AE
~ amociated with crack opening and rubbing would explain these variations, firstly, as rubbing is
~ controlled by individual asperities on the fracture surface, which will vary as the crack front
 moves through, and secondly, as a result of AE being associated with rubbing which is
~_influenced by fretting product; the accumulation and dispersal of such product could explain the
_ junger-term variations in AE. It was clear that AE was sensitive to load history, 1n that anything
~ which caused changes in crack opening (eg. an overload, or an environmgn}al change) f:ould lead
40 changes in AE in the following cycles. Unfortunately, this sensitivity to individual load
cles, and hence to load sequence makes the AE observed inherently unreliable as a means of
acking crack extension in parts experiencing complex or unknown load histories.

The results suggest that the majority of the AE observed emanates from rubbing of the crack
faces. The rubbing-sourced AE could be made to disappear by varying the loading conditions,
and by introducing an oil environment, confirming the nature of the source as crack face contact
and rubbing.

The rougher fracture surface of material P provided the greatest amount of AE in the rising load
part of the cycle, and this is attributed to increased rubbing of crack face asperities, and the AE
noise on the rougher fracture surface occurred over a wider load range, again, consistent with a
roughness-induced AE source. As would be expected, at the high stress ratio R=0.5, the rubbing
AE disappeared in both materials.

Figure 7 shows schematically the different parts of the load cycle in which AE was detected, and
indicates the most likely source mechanism. The identification of individual AE signals on the
rising load side of the cycle as “unsticking™ or rubbing mechanisms is difficult, since both AE
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Figure 7. Schematic of load cycle and regions of AE

suggested by these experiments. Regions labelled

“A” and “E” arise from crack face rubbing, region

“C” is the peak load noise due to plasticity, inclusion

fracture and/or tearing, while regions “B” and “D”

are the unsticking and crack face contact points.
. Region “F” is the pin noise.

"~ 'Opening Closing ™

Time

CONCLUSIONS

1) The use of noise-minimisation techniques allowed AE to be identified with specific parts of
the load cycle, and hence the mechanisms capable of generating AE.

2) The direct observation of crack growth by means of a reliable peak load AE output, was not
possible in this 7050 Al alloy under constant-Kpn,x cycling.

3) In contrast, AE associated with crack face rubbing and/or crack opening was easily detected
on the rising-load part of the cycle, and to a much lesser extent, AE from crack closure and/or
rubbing on the falling-load side. This rubbing AE generally far exceeded any peak-load AE
that occurs under constant-amplitude loading conditions. The rubbing AE increases in
amplitude and range over the load cycle with increasing crack length, probably as a result of a
gradual build-up of fretting product in the crack.

4) Rubbing AE decreased with increasing the stress ratio, hence reducing crack closure, or by
changing the environment, or by changing the material microstructure. In view of the highly
favourable conditions maintained in these experiments, and the difficulties which would be
posed by complex load and environment variations in most practical applications, the
monitoring of fatigue crack growth using AE seems to be highly unreliable at present.

5) The occurrence of stable tearng on the fracture surface, appeared to be associated with
enhancement of the peak load AE output in individual overload cycles shortly before failure.
This observation reproduces those made in a stand-alone bulkhead test, and confirms that the
enhancement of crack growth which occurs when stable tearing begins can be associated with
enhanced AE output, allowing the possibility of crack detection before failure under limited,
specific conditions of laboratory testing.
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