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a b s t r a c t

Deviations during forging processes lead to workpiece failure when the forming limits of the

material are exceeded. In production processes an early detection of manufacturing faults is

preferred. The acoustic emission (AE) technique is examined with respect to its ability to

detect deviations in lubrication conditions and in the structural integrity of different

aluminum part geometries and alloys during forming. In a first step, an upsetting of varying

specimen shapes was performed in order to study correlations of occurring defects as well as

changing friction conditions with acoustic emission response. Afterwards, a cross joint was

forged and AE was analyzed. The results suggest that crack detection during forging is

feasible but limited by material ductility. In addition, it is shown that the characteristics of

the acoustic emission during forming strongly depend on the respective alloy. With respect

to faultless warm forging it is found that different stages are reflected in the AE signal,

facilitating the detection of process deviations.
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1. Introduction

1.1. Forging of Al-alloys

Forged components are characterized by high mechanical
strength under static as well as dynamic loads. These properties
can be attributed mainly to a process-related reduced grain size,
the well-distributed microstructure and their structural integrity
compared to cast parts. With respect to energy and environment
considerations lightweight material alloys are continuously
gaining importance. Most processed metallic construction
materials for lightweight applications are based on aluminum
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and there is an increasing trend of substituting bulk formed steel
products with non-ferrous metal parts [1]. Aluminum alloys are
characterized by a low density accompanied by a high
mechanical strength compared to Fe-based alloys. Cold [2],
warm [3] and hot forging [4] are possible with their respective
advantages and disadvantages. In order to reduce long produc-
tion times due to heat treatment and enhance shape accuracy,
lower practicable forging temperatures are preferred in some
cases. Here, the formability is reduced and the workpiece can
react sensitively to changing process conditions resulting in a
higher cracking risk. Generally, an early detection of failures is
aimed at in production. In fast and automated forging processes
cracks cannot always be recognized immediately.
.
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Another important aspect with regard to forging quality
is friction. Adequate lubrication conditions between die and
part play a crucial role with respect to the tool life and
quality of finished parts. Insufficient lubrication can lead to
excessive tool wear and improper strain distribution which
in turn can result in defective parts or insufficient die
filling.

Most commonly, the regularity of the forging process is
inferred on-line from the force and displacement measure-
ment of the ram. Nevertheless, process deviations are not
always reflected by these signals.

A known non-destructive technique which has the potential
to overcome the shortcomings of conventional measuring
methods is the acoustic emission technique. Its capability to
detect cracking in metallic materials and changes in the friction
conditions between metals has been proven before [5,6].

1.2. General aspects of acoustic emission technique

The acoustic emission (AE) technique is a non-destructive
evaluation technique enabling the user to draw conclusions
in situ about the structural integrity of an object. Commonly, AE
is defined as elastic waves which develop during the spontane-
ous release of energy in a solid body. According to this definition,
it is an integral and passive inspection method with which an
event can be detected during its occurrence, and only then. In
view of their frequency range (50 kHz to several MHz), AE signals
are considered as ultrasonic waves. In a typical measurement
system these waves are received from solid body surfaces and
are converted into a voltage signal by highly sensitive
piezoelectric sensors. This signal passes a preamplifier, a
frequency filter and an analog digital converter in order to
finally be recorded by a storage medium. Much effort has
already been put into understanding the mechanisms of
acoustic emissions of static structures, but also into those of
light metal alloys under plastic deformation [7,8]. Deformation,
or more precise, dislocation glide is a strong source of acoustic
emission. A further origin of AE is crack growth. Intensity and
characteristics of the emitted waves depend on numerous
material and testing variables including strain rate, forming
temperature, grain size, solute content and stress state. The
detection of crack growth is related to the ductility of a material.
While one alloy can emit AE with high energy during cracking,
other materials remain quiet which has been termed the
ductile-crack problem [9]. The AE amplitude is connected to the
velocity at which a crack propagates. That implies that sudden,
fast propagating cracks will produce higher amplitudes than a
slowly advancing crack tip over the same distance [10].
Moreover, the type of crack plays an important role: the tensile
type is generally connected with a faster arrival time of peak
amplitudes than the shear type [11].

The ability of monitoring friction conditions by means of AE
was shown for different material combinations in tribometer
test rigs [12,13]. Commonly, these studies are performed under
stationary test conditions and in absence of macroscopic
plastic deformation.

The property of an AE measuring system to detect
structural changes at their moment of occurrence makes it
a promising potential tool for the detection of process
deviations during metal forming operations [14,15].
1.3. Acoustic emission in aluminum forging

Most research concerning AE during forming is done under
idealized and highly controlled test conditions for compre-
hensible reasons. By using standardized and simply shaped
specimens, conclusions can be drawn easily and reliably. Since
the user is often confronted with unstable and more complex
operation conditions, the research outcomes cannot always be
transferred to industrial cases. Great part of this research work
is focused on the characterization of AE in dependence of
deformation parameters and the material state of Al-alloys.
The detection of process deviations in industrial forging
processes is often not the point of concern. The principal
applicability for the determination of defects within light alloy
forging parts during forming processes has been proven
before, also under idealized conditions but closer to conven-
tional forging in respect of forming speed and temperature
[16]. It was also used to determine the limit criterion due to
crack initiation in upsetting under superimposed pressure [17].
Despite all efforts undertaken so far, the AE technique is still
not sophisticated enough for industrial forging applications.
The challenge in establishing a reliable use of the AE technique
in forging processes lies in their highly dynamic and transient
character in contrast to static structures with a constant basic
level of AE. Moreover, the harsh conditions in a forging
environment and the multiple AE of tool and machine can
complicate the analysis considerably. Another question is the
general ability to detect the cracking of a certain alloy. The
amount of AE energy emitted depends on material and
deformation and is not known ex ante.

In another study it was found that a correlation between AE
and lubrication condition in hot forging of aluminum exists
[18]. It remains unanswered if such a correlation holds true for
other forging processes. On the one hand high energy emission
due to deformation could overlay friction signals, on the other
hand surface condition and speed of the relative movement
play a role.

The aim of this study is to investigate AE with regard to
process deviations, namely cracking and lubrication, in the
forging of different aluminum alloys from a practical point of
view. For this purpose, upsetting and forging experiments
were carried out and the recorded signals were correlated to
the process deviations.

2. Material and methods

2.1. Experimental setup

For the experimental work, cylindrical specimens of the Al-
alloys AW 5083, some strain-hardened (H112), AW 6082, AW
7075, solution heat-treated and artificially aged (T6/T6511)
were used. The alloy 5083 was essentially recrystallized with
peripheral coarse grains. The other two alloys showed a
fibrous grain structure in extrusion direction, cf. Fig. 1.

The temperature of the specimens at the start of deforma-
tion ranged between room temperature and 450 8C. A hydraulic
press with a maximum force of 12500 kN was used. The ram
velocity was set to 1 mm/s and 28 mm/s. Additionally, a screw
press with a gross energy of 15 kJ, a nominal force of 2500 kN and



Fig. 1 – Metallography pictures of the near-surface zone of
the billets.

Fig. 2 – Model of forming tool system and experimental test
setup for upsetting.

Fig. 3 – Principle of the ring compression test (section view).
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an initial ram velocity of up to 300 mm/s was used for warm and
hot forging with the same tool and equal AE acquisition setup.
AE sensors were mounted directly on the die adapters by
magnetic holders with a hold-down force of 50 N. One
additional sensor was placed on the ram to identify AE that is
not directly caused by the forming process (guard sensor). Signal
acquisition was carried out with the AE measuring system
AMSY-6, Vallen. Two types of sensors were attached to the
tooling. A resonant sensor with a frequency range of 100–
900 kHz (S2) and a peak frequency of about 350 kHz as well as a
broadband sensor with a range of 200–2500 kHz (S1) were used.
Filters were set to 95–850 and 520–1600 kHz respectively. A S1-
identical sensor S3 was mounted on the base part and a S2-
identical sensor S4 was placed on the ram. Fig. 2 shows a photo
of the experimental test setup.

The voltage signal was amplified with 34 dB. The acquisi-
tion mode was continuous with a sampling rate of 5 MHz and
4096 samples per data set, so that the entire signal waveform
as well as extracted signal parameters were recorded for
defined time intervals. In addition, ram displacement was
measured with an incremental draw wire sensor, force was
measured with a strain gauge based load cell. The voltage
output of the force and displacement devices was digitized and
stored synchronously to the AE data with a sampling rate of
20 kHz. The tool system is modular. Depending on the forming
process, both the upper and the lower die can be changed.
2.2. Ring compression test

In order to test the influence of lubrication on AE, ring
compression tests were performed. The ring compression test
is a frequently used method to determine friction factors
between surfaces during plastic deformation in bulk metal
forming processes [19]. Here, a ring with a commonly used
ratio of 6:3:2 of outer to inner diameter to height is upset axially
between two flat dies. Depending on the friction, the inner and
outer diameter ratio results in different values after deforma-
tion. Under high friction, the inner diameter becomes small
and increases with decreasing friction as drafted in Fig. 3.
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The friction factor is determined from an analytically or
numerically developed graph indicating the respective friction
factor for each inner diameter. The combination of compres-
sive deformation and high surface-to-volume ratio of the
specimen renders this test ideal for analyzing lubrication
conditions in conjunction with AE. For the ring compression
tests the alloy 6082 was chosen due to its low overall AE
amplitude level during deformation. Deformation-related AE
would be regarded as noise in this case. The height reduction
was 60% and the ram velocity was set to 1 mm/s both, in dry
condition and with the use of a mineral-oil-based lubricant.
Die surfaces were polished prior to the tests.

2.3. Upsetting test

Upsetting experiments were conducted with two different
specimen geometries and five upsetting tests per geometry
and alloy. Cylindrical specimens with a diameter of 25 mm and
a height of 36 mm as well as specimens with collar were upset,
see Fig. 4, in order to relate deformation and cracking to
resulting AE characteristics in a simplified bulk forming
operation.

With the upsetting of the cylinders a conclusion about the
strain-dependent AE can be drawn and differences in AE
activity until fracture can be observed. By upsetting until
cracking, the resulting AE signal amplitudes can be used as an
indication for the signal intensity of each alloy. The two
different specimen geometries exhibit different modes of
cracking. The specimen type with collar enables locally
defined cracking due to tensile stress concentrations at the
collar, i.e. opening mode. Cylinder failure manifests itself in
shear cracking, i.e. sliding mode. The specimens were upset to
final heights from 25 to 9 mm, depending on the starting point
of cracking. They were upset without lubrication and at room
temperature. Additionally, for the purpose of increasing
ductility, three specimens with collar of each alloy were
heated up to 150 8C and deformed with a time lag of up to 5 s.

2.4. Forging of a cross joint

Demonstrative parts with the geometry of a cross joint with
flash were forged. For this, the flat dies were replaced by
molded dies on the same tool system. Thus, forging conditions
remained the same and comparability with the foregoing
upsetting test is given. The billets had a diameter of 25 mm and
heights of 28 and 36 mm. Heating of the dies was waived due to
the limitation of the sensors used to temperatures below
Fig. 4 – Dimension of specimens for upsetting.
100 8C. Moreover, the probability of cracking is increased
without heating. The cavity is constructed in a way that the
contact zones, the areas with the highest heat loss, coinciden-
tally are dead zones with minimum deformation. A series per
alloy was formed to three intermediate stages of 2, 4 and 6 mm
before the final height of the forged cross joint. By examining
the part surface in the intermediate stages, the time interval
for the onset of cracking can be determined.

3. Experimental results and discussion

3.1. Testing of the measuring setup

Before the execution of the experiments, the measuring setup
(press and tooling system) was tested for noise and quality of
sound transmission. For this purpose, a cylindrical specimen
was placed between the dies and loaded with the ram weight
of 8 tons. A pencil lead of 0.5 mm diameter was broken several
times in a defined angle known as Hsu–Nielsen source directly
on the surface of the specimen and occurring signals were
recorded. The maximum signal amplitude for a time interval
of 819.2 ms is represented by one dot in the graph in Fig. 5.

Despite the boundary between specimen and die, there is
an excellent sound transmission with the resonant sensor S2
followed by the broadband sensor S1. The effect of an
additional barrier becomes obvious with the S1-identical
sensor S3 that was mounted on the base part and a S2-
identical sensor S4 that was placed on the ram. Due to their
good positioning only the sensors S1 and S2 were considered
for signal analysis.

In addition, machine noise was tested while moving the
ram with varying velocities without load. In case of S1, there
was no effect on the signal identified. The background noise of
S2, however, correlated positively with the ram velocity for
28 mm/s with about 38 dB, for 10 mm/s with about 32 dB and
for 1 mm/s with 26 dB. A detailed analysis of the frequency
spectrum by a fast Fourier transform (FFT) revealed that the
peak frequency range of machine noise was up to 150 kHz.
That is the reason why S1, whose lower limit of the bandpass
was set to 520 kHz, is insensitive.
Fig. 5 – Amplitude/time correlation for pencil lead break for
different AE sensors and sensor positions.
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3.2. Ring compression test

The correspondent friction factors in the ring compression
tests were calculated as 0.35 with lubrication and 0.65 under
dry conditions. A visual examination of the surface showed
differences in roughness. In contrast to dry friction which
resulted in smooth surfaces, the lubricant caused a coarse
surface with concentric small cracks due the low formability of
the aged alloy. Despite the considerable differences in friction
and surface quality there was only little effect on the acoustic
emission in terms of signal amplitudes. Only deformation with
a ram velocity of 1 mm/s is considered, since in this case
machine noise is on a low level. While sensor S1 transduced
nearly no activity, voltage from S2 was low but increased
during compression. The graph in Fig. 6 shows the mean of the
root mean square (rms) of five arithmetically averaged signals
per friction condition.

The curves are enveloped by their standard deviation. The
rms is built for intervals of 607200 data points that equals a time
interval of 0.12144 s. It can be stated that for the given surfaces
and dimensions a change in lubrication condition is reflected
only to a poor extent in the calculated rms. The envelopes of
standard deviation overlap partially. Forming processes with
high AE activity due to deformation would not allow an
assessment of friction conditions in the investigated dimen-
sional scale.

3.3. Upsetting of cylindrical specimens

The upsetting tests at room temperature revealed the very good
ability to detect cracking during deformation for all three types
of alloy. A dependence of AE on the chemical composition
during forming can be stated. In Fig. 7 exemplary results of
upsetting for the three alloys at a ram velocity of 28 mm/s and
1 mm/s are depicted as an amplitude/displacement correlation.

To prevent a severe fracture of the alloy 7075 due to its low
ductility a ram velocity of 1 mm/s was chosen. Each point
represents the amplitude of a time window of 819.2 ms
Fig. 6 – Root mean square and standard deviation as
envelope for ring compression test.

Fig. 7 – Amplitude/displacement correlation of two different
AE sensors for Al-alloys AW 5083 (top), 6082 (center) at ram
velocity 28 mm/s and 7075 (bottom) at ram velocity 1 mm/s
during upsetting.
recorded by sensors S1 and S2. For a better visual clarity,
amplitudes of S2 were cut at 55 dB. In all cases the transition
from elastic to plastic deformation is connected with high-
energy AE that attenuates during plastic deformation. The
moment of failure is marked by a short and sudden increase in
amplitude. 6082 was damaged severely on different locations
due to excessive reduction and shows high AE amplitudes over
a wider range of deformation. The resulting 45 8 shear cracks
are indicated by an oval on the photos in Fig. 7. The 5083
specimens showed a remarkably rough surface due to coarse
grains at the boundary zone.

3.4. Upsetting of specimen with collar

In contrast to the shear-type cracks of the cylindrical specimens,
the cracks of the specimens with collar were longitudinal. These



Fig. 8 – Amplitude/time correlation of two different AE
sensors for Al-alloys AW 5083 (top), 6082 (center) and 7075
(bottom) during upsetting of specimens with collar at room
temperature.

Fig. 9 – Metallography picture from the collar region of
deformed Al-alloy AW 7075 containing fractured
intermetallic particles.

1 Counts are the number of crossings of a defined threshold
voltage.

a r c h i v e s o f c i v i l a n d m e c h a n i c a l e n g i n e e r i n g 1 6 ( 2 0 1 6 ) 7 2 4 – 7 3 3 729
cracks were also connected with high AE amplitudes for cold
forming. Exemplary results for the alloys 5083, 6082 and 7075 are
shown in Fig. 8.

The high amplitudes toward the end of stroke indicate
cracking and are marked by an oval. 5083 was reduced to
18.5 mm, 6082 to 16.5 mm and 7075 to 25 mm. On 6082 samples
crack detection was irregular and crack indicating amplitudes
were not always existent. Upon comparing the graphs,
different AE intensities along the deformation path become
obvious. As in the upsetting of the cylinders, cracking is also
indicated by high signal amplitudes, characterized by a sudden
increase and short duration. With 7075 strong AE activity
started reproducibly after 8 mm stroke (¼Ã0.3 s) and remained
until the end of stroke. This phenomenon was not observed
with the other alloys. Metallographic analyses of specimens
after deformation suggest that this strong activity might be
caused by the fracture of intermetallic particles, cf. Fig. 9.

Findings on tensile tests that describe a strong correlation
between AE counts1 and number of cracked particles support
this conjecture [20]. This observation can be useful to detect an
early stage of damage on a microstructural scale. Further
experiments on 7075 were performed with annealed speci-
mens. The described high-amplitude emissions directly before
the cracking event were absent. Cracks were also detected
reliably in this case, although the amplitude was reduced.

An important conclusion as to the nature of crack initiation
and propagation can be made by analyzing the duration of the
crack burst. After the occurrence of the crack in the collar its
stable propagation into the sample is not further connected
with changes in the AE signal.

In equal experiments on specimens at 150 8C, cracks could
be identified unambiguously by the AE amplitude in the case of
5083 and 7075. 6082 instead remained nearly completely
without an AE response. Upon comparing the signals in Fig. 10,
the differences become obvious. Due to the enhanced
formability of the alloys in contrast to cold forming 6082
was reduced to a height of about 9 mm and 7075 to 14 mm.

While 7075 shows a strong energy release due to material
failure in 6082 high amplitudes are reached only by a few short
bursts. These are not likely connected with the material failure
due to their very short duration. Having a closer look at the
crack quality of the 7075, the corresponding waveform reflects
the cracking of the collar and its transition to the main body by
two main bursts. At 300 8C no cracks could be identified in 5083
by AE evaluation. At this temperature, the ductility of 7075 had
increased so much that cracking on the collar could not be
achieved for the used reduction ratios.

Besides cracking-induced AE, additional deformation-re-
lated AE were observed and are worth mentioning, since they
might influence failure detection. Analyzing the AE in a lower
frequency range recorded via sensor S2 while upsetting 5083, a
signal pattern can be recognized known as Portevin–Le
Châtelier (PLC) effect. The PLC effect is an unstable plastic
flow that manifests itself in serrated stress–strain curves in



Fig. 10 – Comparison of amplitude/time correlation for Al-alloys AW 6082 (top) and 7075 (bottom) during upsetting of
specimens with collar at 150 8C.

Fig. 11 – Amplitude/time correlation from AE sensor S2 for Al-alloys AW 7075 (left side) and 5083 (right side) during upsetting
of specimens with collar at 1 mm/s.
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some Al-alloys, among others under certain deformation
conditions [21]. The dependency of AE-bursts on stress drops is
known and was rather investigated on tensile tests [22]. In
Fig. 11 the amplitude/time correlations for the first 4 mm of the
stroke at a ram velocity of 1 mm/s for 7075 (left side) and 5083
(right side) are compared.

The graph for the upsetting of 5083 clearly shows the jumps
in amplitude caused by the PLC effect. Its occurrence can be
confirmed by the serrated force–time curve. Additionally, with
respect to deformation-related AE, it is apparent that the
transition from elastic to plastic deformation has a much
broader amplitude spectrum for 7075.
3.5. Forging of a cross joint

The forging of the three alloys at room temperature caused
cracking in all cases which were related with significant AE
signals. By forming the part to intermediate stages, the onset
of cracking could be determined visually. Fig. 12 contains a
photo of parts from different cold forming stages.

In Fig. 13 the amplitude/time correlation for an intermedi-
ate forging stage at 4 mm before the end of stroke of a cross
joint made of 5083 is depicted.

Three cracks were visible in the flash zone of the part. Defects
occur after the material has entered the forming elements of the



Fig. 12 – Intermediate forming stages of a cross joint made of AW 6082.

Fig. 13 – Amplitude/time correlation of two different AE sensors during cold forging of a cross joint made of AW 5083.
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cross, i. e. just before the stroke of the depicted part has ended.
Crack-related AE are identified by point in time, intensity and
burst character. During forging at 150 8C, the deductibility of
cracks from the AE signal became very poor as amplitudes were
low or even vanished completely. This is attributed to the small
crack size and enhanced ductility at higher temperatures.
Especially in the case of 6082 no significant emissions were
recorded at the assumed forming interval for cracking. In
Fig. 14 – Evaluation of different features of selec
addition to the low energy of crack-related AE at a higher
ductility state of the material a reliabledistinction isconsiderably
hampered by overlaying deformation-related AE.Due to multiple
possible sources of AE during the forging process the differenti-
ation of relevant signals from irrelevant ones is an important
task. Therefore, a classification of the signals that go beyond the
amplitude is required. This is made by comparing signal features
of individual bursts, as shown exemplary in Fig. 14.
ted bursts from cold forging of a cross joint.



Fig. 15 – Amplitude/time correlation of AE sensor S2 during forging of a cross joint made of AW 6082 at 300 8C on a mechanical
press.

a r c h i v e s o f c i v i l a n d m e c h a n i c a l e n g i n e e r i n g 1 6 ( 2 0 1 6 ) 7 2 4 – 7 3 3732
A threshold crossing of 0.1 mV and a duration of 819 ms
were set as burst definition. Only burst IV is connected with a
macroscopic cracking. Some of the feature values correlate
with the signal's energy content. The entire feature vector can
allow a classification and differentiation. This is especially
useful for signal windows with equal maximum amplitudes.
The major drawback for the establishment of a classification
algorithm is that an extensive training data set has to be
acquired.

Beyond cracks it was observed in defect-free warm
forging that some stages of the forming path are reflected
in the AE amplitude. These stages became more evident
when forging was performed on a mechanical press with
high ram velocity. Fig. 15 shows the amplitude/time
correlation for the entire forming path of a billet of 6082
with an initial height of 36 mm and temperature of 300 8C,
resulting in excessive flash.

The dots represent the maximum signal amplitudes for a
time interval of 102.4 ms. Three regions are characterized when
the course of the AE signal is analyzed and related to the
forming stages. The process starts with an upsetting visible in
the typical hill-shaped AE amplitudes at the transition from
elastic to plastic deformation followed by the guided lateral
flow where form elements begin to get filled. This stage is
connected with a second amplitude hill. The final characteris-
tic region is marked by an amplitude jump. At this point, the
form is completely filled and only flash is built. This relation is
suitable for practical use as it could allow for an assessment of
the process with respect to form filling.

4. Conclusion

In this work, the potential of the AE technique for the detection
of manufacturing faults and deviations during forging was
examined for three different aluminum alloys. With respect to
friction, there was merely weak evidence that deviations can
be detected with the help of AE on the used test rig and AE
acquisition setup. However, studies in lower frequency ranges
and other surface dimensions or conditions are worth being
performed in the future as a higher AE energy release might be
possible in other cases. Further, it can be noted that the
examined materials can exhibit very different AE character-
istics. The alloy 5083 is susceptible to a PLC effect causing high
AE activity. A high AE intensity could also be caused by fracture
of inclusions in case of 7075. While up to a billet temperature of
150 8C the high-strength material 7075 allowed for an excellent
crack detection for opening cracks in collar specimens, this
was possible on 6082 only at room temperature. It can be
concluded from the forging experiments that the application
of the acoustic emission technique on processes with form
elements is principally feasible, but its success strongly
depends on the used alloy, state and temperature. It can be
stated that the lower the ductility the higher the crack-related
AE energy. The performed studies suggest that cold forging has
to be favored over warm or hot forging when the AE technique
is considered for on-line crack detection. And even then it
must be borne in mind that the ability of crack detection
changes with the used material. A foregoing material
characterization with simplified geometries is useful to
examine this. As a main drawback for crack detection it
should be mentioned that the guided flow of the material in
real forging processes and the resulting local high strains and
strain rates can impede the signal analysis due to overlaying
deformation-related noise. Noise emitted by machines and
environment is a further aspect to be considered. An
evaluation of feature vectors can be a way to overcome such
shortcomings. Finally, potential of identifying process devia-
tions with respect to form filling in faultless warm forging
operations was identified.
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