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Abstract

In part-1, the feasibility of using AE as an online monitg technique for industrial forging
processes has been investigated. The investigation comkidergtoring the upsetting process of
axis-symmetric specimens using a self-built data acquisitia analysis system up to 500 kHz.
Two magnesium alloys and an aluminium alloy with ¢hadferent geometries were used during
these investigations. The experiments were performed wliffenent thermomechanical loading
conditions (temperatures, strains and strain ratasaddition, influences from machine noise,
sensor positioning was also investigated and the achieseltisrevere analysed.

In this second part, the investigation was performetarrange 400-1600 kHz using the high-
end professional acoustic emission system AMSY-5 (Wallgsteme, Germany). In this second
series of experiments, specimens of the same geombtriesf larger size have been used in
order to allow more flexibility in the loading schemesw® minimum temperature drop during
the test, facilitate both macro and microstructurdyasand most important to deliver more AE
energy to improve the signal to noise ratio.

The first part of this paper is devoted to describe thd@a®logy used to reduce the hydraulic
machine noise and discusses the different aspects caubkidieing the choice of the front filters,
adjusting the acquisition parameters and setting upakgglection / rejection criteria. This will
be followed by the main results achieved during the upsettitigeohl and Mg alloys specimens.
Further, the methodology applied to correlate the obthRE patterns to the test parameters is
introduced.

Introduction

The feasibility of using acoustic emission as an onlineitoong technique for industrial
forging processes has been investigated in Part-1 [1]. dfoeementioned investigations
considered AE monitoring of an upsetting process of asgetric specimens made of AZ31
and AZ80 magnesium alloys as well as AW7075 aluminilioy.aThree different geometries
were used during these investigations. The experiments werlrmed under different
combinations of temperature, strain and strain rateaddition, influences from machine noise
as well as sensor positioning were also investigatedtl@dachieved results were analysed.
Based upon the promising results achieved in the first pahgz®fessional AE system has been
employed for the investigations presented in this paper.

First section of this paper will focus on the methodglased to overcome the noise generated
by the hydraulic test machine. In addition, different agpeonsidered during the choice of the
front filters, adjusting the acquisition parameterd astting up signal rejection criteria will be
discussed. In following sections, the main results aelieduring the upsetting of Al and Mg
alloys specimens will be summarized. Further, charatiterfeatures from both time and
frequency domains will be presented and the methodolodieddp correlate the obtained AE
patterns to the test parameters is introduced. Baseldesa tesults, a new pattern classification
indicator will be introduced.



Instrumentation, Materialsand Test Setup

In this second part, the investigation was performed usiadigh-end AE system AMSY-5
(Vallen Systeme, Germany). The system allows highptagmrates up to 10 MHz, the use of
different types of resonant and broad band sensoms @to 2400 kHz), variety of acquisition
parameters and diverse digital filters. Within the scope¢he work presented here, 5 MhZ
sampling rate was applied on 3 channels with two resosansors (VS900-RIC, Vallen
Systeme) and broadband sensor (2045-S, Fuji Sensorsyebiffeont filters were used as it will
be shown later. Parametric inputs representing ramadisplent and forging force were acquired
at 1.2 kHz and synchronized to the AE datasets. The uppd#sts were performed on the
Instron (VHS-8800) testing machine. This servo-hydraulic nmeciprovides the capability of
performing controlled high strain rate tests on differematerials at different levels of
temperature. The machine features precision aligned punchbsstiiiness load frames and high
capacity actuators, and hence it is capable of simgldtigh strain rate forging processes. The
VHS-8800 can be configured through a closed loop control tonperests from quasi-static to
impact speeds as well as cyclic testing.

In the experimental work presented here, three typedlmfs were used. AZ31 and AZ80
specimens were manufactured from the same batch usdw ipreéliminary experiments [1],
while commercial AW6082 aluminium alloy has been emplog®@ widely used forging alloy.
Same specimens’ geometries were employed, but in a lsecgler to allow for more flexibility in
the loading scheme, assure minimum temperature drop duengst, facilitate both macro and
microstructure analysis and most important to deliveren& energy to improve the signal to
noise ratio. The geometry and the dimensions of He&l specimens are shown in Fig.The
cylindrical specimens were used to evaluate the role ofdatd specimen geometries in
characterising upsetting processes. The modificatiorhén Specimen geometry through the
introduction of collar or through recessing and drilling wasfopered to develop stress
concentration zones, which are more vulnerable to damage

The upsetting tests were performed on the hydraulic ¢estimchine VHS-8800 (Instron) at
temperatures of = 200°, 300° or 400°C and strain rategof= 1, 10 or 208 To assure nearly
constant temperature during the test, the specimens watedhand compressed within a
hardened steel container. To study the influence of gepm@met the sequence of deformation as
well as the damage mechanism on the generated AEpéicarens were upset from 36 mm to
different end heights of 28, 21, 14 or 10 mm depending upon spegewmetry, temperature
and strain rate.
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Fig. 1. Geometry and dimensions of the specimens enpioyhe upsetting test

Treatment of Noise and Optimisation of Acquisition Parameters

One of the major difficulties facing even AE expestdhie presence of noise. Our aim was to
provide guidelines, which can be applied by technicians omeers, to perform the test with
standard components and to extract the results with eocredly available software. Two sets
have been intended: a set for threshold-based acquiaittba set for continuous acquisition.



In the current investigations, the wideband background noa&® ecmused mainly by the
hydraulic machine drive. Moreover, an isolation of theegated noise due to the actuators
actions or piston motion was not possible. As a residt detected back ground noise on the
machine punch was about 45-50.gBluring the free run of the machine, while a burst sighal
60-65 dBge is recorded during valve activities. Moreover, the catiah of the punch cooling
water results in an additional noise of about 3@dB magnitude. Even if this back ground noise
could be filtered out based on their energy level, ateominating AE signal that saturates the
channel was always acquired as soon as a high-amplitutigleenergy event takes place (e.g.
due to Hsu-Nielsen source). Even with the shortestablaisetting for DDTand RAT, it was
not possible to realise hit termination. This resulted false estimation of the hits and hence all
derived parameters (hits, counts, energy, duration,inee etc.). By applying a threshold of 50
dBag, it was possible to identify the start and end of buBtese bursts featured some sort of
systematic pattern similar to amplitude modulated sineesiaThese bursts were generated by
hydraulic pump or solenoid activation. By applying a frhigth-pass filter (300 kHz), the high
peak/low frequency noisy portion of the signal could beaftitThe remaining machine noise
could be filtered out through the use of additional subsedileering based on combination of
signal duration and energy level. A band bass filter (400-16@) k&t been implemented for the
rest of investigations, so that only signals of high fregueare acquired and stored.

Applying these threshold and filter settings, the seuisitiof identifying AE hits during
upsetting of recessed aluminium samples was invedligsdsed on various combinations of
DDT and RAT values. Through the examination of wavefoant corresponding AE parameters
(hits/cascaded hits) best possible combinations were egaby setting the RAT to values
between 400 pus and 1 ms and the DDT to 50 us shorterahsta®i shorter RAT may result in
better separation of the hits, but it diminishes thmabdity of identifying the overall AE pattern,
and hence weakens the possibilities of correlation tcsipaly events. With increasing the
difference between the rearm and discrimination tifeeg. 200 ps), a huge amount of cascaded
hits was registered unsystematically so that interpilétewas negatively affected.

In case of continuous acquisition, various sets of patens were tested while applying the
same threshold and band-pass filter. Appropriate resulisl e achieved using 4096 samples at
sampling rate of 5 MS/s (page length of 819.2 ps) or 10 MS¢g= (lpagth of 409.6 us), RAT of
one page of 409.6 us and an automatically set DDT of 409.Zhespage length has been
chosen, so that the physical meaning of the activitieergéng the AE can be correlated and
interpreted. A very short page length would result irtrabton to single hits, while a very long
one will reduce the resolution of displayed signal amicldhe ability to describe the patterns.
Contrarily, it will give a better recognisability the relation between AE and the progress of the
forming process. The latter influence can be compensateolyfoorrelating the calculated AE
parameters (amplitude, energy, counts, etc.) to therhiefgarametric quantities like the force
or displacement. During test performed in continuous admuismode. It is clear that the high
acquired energies, hit rates and short temporal separatitong hits encountered in this
investigation is directly related to process -configuratige.g. the high upsetting
velocity / existence of stress concentrations). phesents a new challenge for AE specialists as
well as for AE system manufacturer to develop a metmatl system that is capable of coping
with these demands in order to bring AE onto the metatihg manufacturing lines.

Acoustic Emission Detected for Specimenswith Peculiar Behaviour

In order to infer about the type of AE pattern accompanyabgrmal or external changes in
material or process (yielding, deformation, friction¢.e or damage (crack initiation, crack
propagation, complete failure), AE parameters alone vmertesufficient in all cases. More
detailed examination of the AE waveform was besidgaired. Even with wave analysis in the
time domain, it was not possible to distinguish betwseme particular events. A spectral
analysis has been performed in addition in order torpuwrate more information from the
frequency domain. Although many of the available TFR ammlynethods are suitable for



detailed analysis and correlation purposes, they do mibtsality control applications which
normally require a discrimination index for the purpodemst/online classification and decision
making. By the end of investigations, it has been postibikefine a set of analysis parameter or
signal characteristics, which can be combined to detdetrelit events and to correlate them to
the corresponding phenomena or mechanisms. Some apgied methods may be directly
applied for failure detection in a “Go/No Go” quality canitsystem. However, a systematic and
simplified diagnostic method was needed in order to bhiado the manufacturing lines.

AE Maximum Amplitudes during Cracking

Crack initiation and propagation events emit a lot of &@eergy in form of AE. Cracking is a
complex process which combines simultaneous differentrohetion levels and events that
extend from elastic to sever plastic deformation amllie. Due to the concentration of crack
sources locally, depending on the geometry of examined tpbjgmy AE signals/hits may
superpose resulting in high amplitude AE signal. The elesnmresented here do not show the
entire results of all performed experiments, but atended for a guided presentation of
situations at which AE method excels as a promising omhagitoring tool for metal forming
applications. For example, aluminium specimen, shawkig. 2-a, has reached its forming limit
after upsetting stroke of nearly 18 mm. The crack on tinlace of the middle section (collar)
was visible to the naked eye. The change in AE peak tae$ is so large to discriminate from
the background level and the load case is favourable &mkiog. Moreover, the events have
been located by all sensors: an easy-to-detect case.c8ses represented the major portion of
all failures encountered during the upsetting of cylindrspecimens which mainly failed at their
forming limit with shear cracks on their surface.
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Fig. 2: Examples of high amplitude crack signal emitteehdurpsetting of collar specimens
made of AW6082 and AZ31 alloys

In case of AZ31 specimen, Fi@-b, higher activity levels have been recorded from the
beginning of deformation. At onset of cracking, a numlehnigher hits (64 ~ 90 dB) could be
distinguished from the background level54 ~ 60 dB). A number of hair cracks could be
visually detected on the surfaces of both upper and lowieders. The fine shear cracks were
mainly directed along the +45° to the upsetting directithe detection of the latter crack events
was only possible with aid of the 2 MHz broad band sengoite the same events were detected
by the VS900-RIC sensor at amplitudes comparable to thedévermal deformation signals.
This means that it is possible and practically more adgaous to detect crack events at very
high frequency bands over 1 MHz. In other words, it is mueggeficial in case of forming
industry, where very high levels of noise and interruptioos hydraulic machines are present,
to acquire AE cracking signals with broadband sensdfsinange above 1MHz.



AE Peak Amplitudes during Friction

Friction is considered as one of the most importantcspehich should be considered during
the study of metal forging processes. The AE emittechgudrging operations can vary widely
based on the process condition. Based on forging temyper velocity as well as the quality of
lubrication, friction related AE may vary from a cowious and low amplitude signal to
relatively short/intermittent signals of higher ins#ty. Fig. 3-a represents the AE peak
amplitudes encountered during the lubrication-free upgettira cylindrical AW6082 specimen
at 400 °C and[ = 10 §". This sudden and large increase in the AE level, whichrigoarable to
those signals at yielding, was not accompanied by any kafvar failure in the specimen.
Further criteria are required to infer about the causbeohigh AE amplitudes and energy levels.

Although the discrimination among some types of patteodd be achieved with the aid of a
combined energy and count filter, the difference amoiogdn, deformation (yield) and cracking
signals could not be realised based on these simpéxiarilt is well known that many AE
parameters are dependant on acquisition parameter, digpiaahreshold and RAT settings in
correlation with strain rate. For example, all ioa hits described in the previous case could be
discriminated from the events encountered at the elgdastic zone as well as from the
deformation hits by rejecting the hits counts less thamarkD energies below 500E+03 energy
unit, as shown irFig. 3-b. However, waveforms should be examined to verify aesumed
filtering criteria. Moreover, detailed analysis of thE patterns is necessary in order to provide a
correct and accurate correlation between the acquitedmdl the encountered events.
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Fig. 3: AE peak amplitude acquired during lubrication-free tiipgeof cylindrical AW6082
specimens &f = 400 °C and[ ] = 10 §'

AE Waveformsand Spectrumsin Correlation with Physical Events

In this section, some examples of the waveforms dswbiby the transient recorder during
some of the previously presented cases will be usedotw Bbw it is possible to differentiate
between different events based on their charagtepstiterns. The next examples are mainly
related to the forging process and can be divided inte timia@n groups. The first group includes
AE patterns usually obtained during deformation. Within ¢gin@up, the patterns acquired at the
elasto-plastic transition differ from those encourdetaring fully plastic deformation.

Depending on the material family, there exists somaatien in the form acquired in the time
domain, too. The second group is comprised of typical AEepattencountered during cracking.
The patterns within this group can be classified accordinbet stages of cracking process. Some
similarities/discrepancies to deformation-related past&ncountered at high strain rate test will
be discussed. In the third group, waveforms and frequencyrspe related to friction events
will be focused on. Features that can be used toimisate friction-related AE patterns from
cracking and deformation-related patterns will be diseds Other patterns, which mainly
represent systematic low energy machine-related aetwliscussed previously.



Group 1: AE waveforms/patterns encountered during deformation

AE patterns emitted by deformation events possess tvio ¢haracteristics. In time domain,
the signals seem — at first look — similar to frict&gnals overlapped with some noise signals or
similar to machine noise signals. Because of applicatiothe high-pass filter, machine signal
have been completely filtered out, so that no sigeahdquired during free-run status. In
frequency domain, the spectrum is characterised by wide &scitation of low energy content.
Because the start and the end point of hits could natidtimguished in the time domain, the
frequency spectrum represents an overlap of differgmals resulting in a non-smooth FFT
profile due to the moving windowing effedti(. 4).
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Fig. 4. Examples of yielding signals in time and frequenayaios at low velocities

With increased test temperature at low strain rate I s%) no significant change could be
determined in the AE level during plastic deformation @f tbsted aluminium and magnesium
alloys. Contrarily, the AE level at yield featured sfgraint increase with increasing strain rate in
case of magnesium alloys. Moreover, an increaskeroverall AE activity level and amplitudes
has been recorded during upsetting of all recessed spediastes at temperatures above 300 °C
and strain rates above 18 ven if the specimens were not cracked. Upsetting gbeirmen
with collar under the latter conditions exhibited onlyrh&E at the yield zone but not during the
plastic deformation. Detailed microstructural examorainf those recessed specimens showed a
clear dynamic recovery (DRV) and dynamic recrystatien (DRX) along developed shear
zones. A phenomenon described by other authors in AW6xdcAZRrX alloys [2].

With increasing the upsetting velocity, a significantuadpe can be observed not only in
amplitude but also in the recorded AE pattern as showanginb. A sequence of equispaced hits
that lasts over the elasto-plastic deformation zémeaddition, the calculated FFT spectrums
exhibit mutual features, which are completely differeninf those described before in case of
low strain rates. For a single hit, the main energyterdrextends over the range 400 - 800 kHz.
Thereatfter, a nearly linear decay is observed, becaudagihheamplitude signals emitted at the
higher strain rates imply lower frequencies.



Amplitude [mV]

Time [us] Frequency [kHz]
AZ31 specimen with collar upsatT=30C °C ands[] = 1C<™*

Fig. 5: Examples of yielding signals in time and frequenayalas at high velocities

Group 2: AE waveformg/patterns encountered during cracking

Signals related to cracking events are characterisedriymber of features in both time and
frequency domains. In time domain, a number of trangeptilses, whose rate is proportional to
the crack propagation rate, can be detected.

The example shown in Fi@. represents a typical crack-related pattern in dependentee
tested material and the applied strain rate. Very higbliarde signals can be directly observed.
This is usually followed by instable crack propagation phesghich many parallel cracking
events of different peak amplitudes can be encountesgacially under severe deformation
conditions at higher strain rates. This leads tddahmation of complicated patterns composed of
hit-packets arising from different consecutive activitiefse number of hits, counts as well as the
amplitudes is proportional to the amount of emitted gyewhich is consequently related to the
severity of damage. Observation of hits’ progress flonger duration (zooming out on the time
scale) can be used to infer about the stages of therfppnocess as described in previous paper.

In frequency domain, the crack related hits are chaiseteby high energy content at very
high frequencies up to 2 MHz, as shown in [BigFor tests carried out at higher strain rates, one
should be careful not to mingle the detected AE pattéuesto cracking with those resulting
from deformation at the yield zone, and which has Iséemvn in group 1.
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Recessed AZ80 specimen upseT =40 °C ands[] = 2C s*
Fig. 6: Example of crack related signals in time and fraquelomains

Group 3: AE waveformg/patterns encountered during friction

Friction signals possess relatively longer patterrschvtake the form of constant sine wave
or a sum of a few harmonic sinusoidal waves of diffeeanplitudes. This can be observed in the
frequency spectrum by the existence of a number of péd&® darmonic related frequencies as
shown. These examples show that the whole frigbattern may run constantly between two
bounds or may be modulated by lower frequency wave as showig. 7. The encountered



amplitudes may reach very high levels as shown hereeTdmaplitudes can be high enough to be
comparable with those emitted by complete failure events
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Fig. 7. Examples of frcition-related AE patterns shayharmonic wave components (AW6082
cylindrical specimen upset without lubricatioriTat 400 °C andl = 10 §")

AE Patternsindicator for Forging (AE-PIFF)

Through the previously presented examples, it can be shwmatrAE amplitude can not be
used alone to infer about the encountered events. Alth@ggimbination of AE parameters may
be helpful in identifying process instabilities / interrops or to infer about its severity based on
comparison with some reference values, it is neithesipte to identify its origin accurately nor
to perform this correlation / evaluation online. Moregtbe analysis of AE wave forms and the
corresponding frequency spectrums is an experience-depetaqt which is completely
associated with a lot of tedious and interminable whbak tloes not fit to industrial applications.
A method for AE analysis that can be applied to inferualthe type of signal and correlation of
patterns to definite events without comparing to a rataresignal or patterns is being currently
under development. A simplified pattern/event classificatindicator which is based on
combination of some basic AE signal parameters, deripettial components along with
weighing parameters based on timing is being verified. Thepdtkern indicator for forging is
tested not only capable of distinguishing different typesvehts but also to categorise them.
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i Rearm Time (RAT): The duration after which a new hit (or a set éfdaiscades) should be registered. Rearm Time sthas the signal falls

below threshold and expires when no threshold grgdsas been detected during its duration.

i Duration Discrimination Time (DDT) defines the detection of the end of a hit. The Oder starts with reset of RAT. If no threshold
crossings are detected for the length of the DB& end of the hit is determined and the hit dureitsccalculated.



