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Abstract  
 

Online process monitoring systems have been used on forming machines such as forging 
hammers or multi-stage presses for a good number of years. These systems typically measure 
forming forces, punch displacement or frame strains and compare them to learned target values 
trying to infer about the tooling or the product condition. In spite of the reached measurement 
accuracy, these methods are not physically capable or not sensitive enough to express many 
types of the tooling failures or product damage. Over the last few decades, acoustic emission 
(AE) has proved its strength and reliability as an online monitoring technique, and demonstrated 
a high degree of confidence in characterizing various phenomena related to material deforma-
tion, phase transformation as well as crack initiation and propagation at various scales. 

 
In this paper, the concept of a forging support system, based on AE as an online monitoring 

and analysis technique, is introduced. The proposed support system relies on a damage and fail-
ure diagnosis module. This diagnosis module combines different AE analysis and clustering and 
pattern recognition methods to infer about different types of damage or failures taking place dur-
ing the forging operation. AE patterns recorded from error-free forgings produced on faultless 
undamaged dies serve as a reference for the comparison. In addition, patterns generated by sam-
ples with pre-induced damages or artificial defects, or AE patterns collected during the deforma-
tion under predefined faulty machine or process settings are used as reference to assist in analyz-
ing the complex patterns, which will be obtained during real forging processes.  

 
Some preliminary results obtained during upsetting of magnesium-alloy specimens are pre-

sented. Three different geometries have been machined from AZ31 and AZ80 extruded bars. The 
specimens were upset at three constant levels of strain rates and at three different temperatures. 
The results reflect the influences of alloy composition, forming speed, and temperature on the 
obtained AE signals. In addition, different AE patterns could be correlated to the sequence of 
deformation and the evolution of damage based on the geometry of the specimen and the induced 
stress states. 

 
Introduction 
 

The forging industries are characterized by the existence of many medium-scale companies. 
These companies struggle to withstand in the market of today, while they are faced with the in-
fluence of high manufacturing and inspection costs, as well as the demanding requirement of 
their clients regarding the product quality and safety. Moreover, the current quality concept of 
“zero defect”, especially in case of safety components, requires 100% inspection in order to 
avoid defective products. The currently used off-line inspection procedures normally result in a 
huge percentage of defectives, which are manufactured in the time span that elapses between the 
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first occurrence of the defect and its detection. Furthermore, unscheduled interventions or stop-
pages of the automatic manufacturing lines add unexpected service and repair costs.  

 The incorporation of advanced online monitoring techniques into forging lines enables the 
integration of quality control/assurance into the production process itself. This helps maintain the 
required level of product quality, makes it possible to determine defective product and tooling 
damages as early as possible and at the same time provides a means to plan and schedule main-
tenance tasks [1, 2].  

New technological developments suggest the use of AE to be the decisive step toward zero-
defect production when tooling and products are completely online monitored [3-5]. However, 
there are still several challenges to be overcome to make AE a viable option in mainstream 
manufacturing facilities. 
 
Acoustic Emission in Metal Forming Applications 
 

During the second half of the 20th century, AE from materials was studied extensively. 
However, most studies were hardly complete due to the lack of experimental and theoretical re-
sources [6]. Scientific research has shown that tooling failures in the form of cracking, breaking, 
chipping or wearing emit strong AE signals. These AE signals can be monitored for process de-
viations as well as for the investigation of dynamic behavior of materials [7]. Most of the pub-
lished investigations have focused on correlating the recorded AE signals to the progress of some 
standard mechanical or technological tests such as tension, compression, wear, fatigue, or cup-
ping tests [8-17]. Due to the development in the field of applying AE for monitoring sheet metal 
working processes, many machine manufacturers offer AE systems. On the other hand, very lim-
ited research work e.g. [18] has used AE to monitor real bulk forming processes. Most studies 
related to bulk forming processes were carried out by the manufacturer of AE equipment them-
selves, trying to draw the attention of the forming industries to the AE capabilities as an effective 
monitoring and analysis tool. 

 
In a recent industrial oriented study by Skäre [19] information about the deep drawing proc-

ess (wear of tool, penetration of lubricant, wrinkling of sheet material and cracking of tool or 
product) could be obtained with the aid of AE measurements. Adjusting the influence of bound-
ary layer friction based on these measurements, mounting of tools and parts as well as correction 
of blank holder pressures can be optimized. It is important to mention here that the process pa-
rameters and environmental conditions (forming velocity, temperature, noise, etc.) by deep draw-
ing processes cause little disturbances to the AE measurement when compared to those dominat-
ing in bulk forming or forging processes.  

 
Monitoring high temperature forming processes using AE presents a further challenge. In 

spite of the direct influence of temperature on damage or transformation progress and conse-
quently on the AE, this topic was avoided by most researchers due to its experimental difficulties 
and due to the lack of suitable hardware and software [6].  

 
In different investigations, Hsu, Okajima and Ono [20-22] examined AE during deformation 

of several materials (austenitic stainless steels, short-range ordering alloys, bcc alloys) at high 
temperatures and were able to clarify plastic deformation behavior. In the most examined materi-
als, the AE signal recorded at yield has shown higher signal strength proportional to the tempera-
ture increase, followed by considerable decrease at a limiting temperature [22, 23].  
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Through the examination of these studies, it is obvious that most tests were performed under 
quasi-static strain conditions and to a limited strain (max. 0.5). This means that the results of 
these investigations, despite their convenience for material characterization purposes, do not 
consider the most important aspects concerned by most forging specialists. For example, strain 
rates of more than 10 s-1 and strains that exceed unity are the usually experienced ranges in most 
forging processes. Fundamental studies and investigations, which consider these industrial re-
quirements and which try to build the necessary know-how, are strongly required. Parasad [24] 
also reported on this requirement in his study about the feasibility of using AE for monitoring 
forming processes. Undoubtedly, the current development in both control and data acquisition 
technology enables more accurate experimental investigations at higher forming velocities and 
temperatures. This will certainly facilitate the AE analysis tasks performed under controlled test-
ing conditions.  

 
Over the past two decades, many studies at the Institute of Metal Forming and Metal Form-

ing Machines (IFUM), Leibniz Universität Hannover, have been concerned with machine health 
monitoring, product quality control, as well as quality assurance throughout the whole process 
chains of both bulk and sheet metal forming processes [25-34].  For example, Terzyk [29] has 
examined the possibility of monitoring die-forging processes through the analysis of force and 
sound signals in the audible frequency range (<20 kHz). The investigations showed that some 
process deviations could be determined through the evaluation of AE signals and guided with 
3D-force measurements. For example, mass or position deviation of the pre-form, punch tilting 
or misalignment of upper and lower die halves could be to some extent detected. Since the de-
formation action, as well as crack initiation/propagation and phase transformation activities emit 
no relevant signal in the examined frequency range, only whole body vibration signals resulting 
from tooling/workpiece interaction or generated by machine element could be recorded. Detec-
tion of die or workpiece damage could not be realised in this work. 

 
Strache [34] has used both force and AE sensors to monitor stamping (blanking) processes. 

The influences of sensor locations and assembly method on the recorded AE signals were exam-
ined. Using trend and envelope analysis algorithms, process faults like tooling fractures, sheet 
doubling, asymmetrical press loads could be accurately detected. In addition, it was possible to 
recognize the wear of the stamping tool based on the AE analysis. 
 
Aim of Current Research 
 

Based upon the AE state of the art presented, two main research objectives have been de-
fined: 
  First, test methods based on AE monitoring techniques have not, until now, been standard-

ized. Therefore, the development (and standardization) of AE test methods to monitor stan-
dard mechanical tests under manufacturing-process-related conditions, and the construction 
of AE reference patterns and maps will present the milestones for the analysis of complex 
events encountered during the production process. 

  Second, using signal analysis to develop AE method into an online monitoring system for 
forging process.  

This presents several challenges in order to discriminate the AE data sets of interest. Moreover, 
forging processes are susceptible to high dynamic and thermal stress cycles. The distinction be-
tween different AE fatigue events and patterns caused by various mechanisms presents a signifi-
cant and decisive factor for using AE to monitor forging operations.  
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Fig. 1. Proposed online forging support system based on acoustic emission analysis. 

 
The first phase of the current study, as presented in Fig. 1, will focus on conducting a se-

quence of AE monitored mechanical tests that simulate mechanical and thermal loading condi-
tions prevalent in forging processes. The AE signals recorded during testing are used to build AE 
maps correlating different test parameters to the recorded AE signal parameters (arrival time, rise 
time, amplitude, duration, counts, hits, energy as well as their distribution and timing). Moreo-
ver, AE time patterns will be also recorded to help provide more accurate description for the 
progress of the forming process, determination of defect types and locations, as well as the iden-
tification of the different damage and failure mechanisms.  

 
 In the second phase of the project, and once reference patterns and AE maps are available, 
analysis of real complex AE patterns generated during forging operations should be analyzed, 
aiming at a complete online monitoring and fault detection of both tooling and products. 
 
 Part of the challenge in this project lies in correlating AE patterns to the corresponding gen-
erating defects. Another lies in identifying the meaningful AE events from a wide range of si-
multaneous events, which result from different external effects (i.e. machine elements and hy-
draulics, or environmental noise). Applying different time and frequency analysis methods as 
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well as clustering and pattern analysis techniques to complex processes presents more challenge, 
because every manufacturing process has its own unique characteristics and variables, which in-
fluence the AE patterns as the damages within the tooling or the product initiate and progress. 
 
Experimental Setup 
 
 In order to realize the first objective of this study, a series of upsetting tests were performed 
on two magnesium alloys (AZ31, AZ80) and an aluminium alloy (Al7075) whose chemical 
composition are shown in Table 1.  
 
    Table 1: Chemical composition of the specimen materials. 
 

Material Mg% Al% Zn% Mn% Si% Cu% Cr% Fe% Ti% 
AZ31 95.87 3.1 0.8 0.23 0.05 0.02 - - - 
AZ80 90.84 8.3 0.64 0.22 - - - - - 
Al7075 2.4 89.9 5.8 0.025 0.06 1.45 0.2 0.15 0.015 

 
 To study the influence of geometry and the sequence of deformation as well as the damage 
mechanism on the generated AE, specimens with three different geometries have been used. The 
dimensions and geometries of the specimens are shown in Fig. 2. All specimens have been upset 
from 18 to 5 mm in one or two consecutive stages. The cylindrical specimens were used to 
evaluate the role of standard specimen geometries in characterizing upsetting processes. The 
modification in the specimen geometry through the introduction of collar or through recessing 
and drilling was performed to develop stress concentration areas, which are more vulnerable to 
damage. The specimens were upset at three different temperatures (200, 300 and 400°C). To as-
sure nearly constant temperature during the test, the specimens were heated and compressed 
within a hardened steel container (Fig. 3c). 
 

 
Fig. 2 Geometry and dimension of the speci-
mens used for upsetting test. 

 

 
Fig. 3. (a) Instron high-speed upsetting machine. 
(b) Punch with mounted AE sensors.  
(c) Specimen in heating/upsetting container. 
 

 The upsetting experiments were carried out on a high strain-rate testing machine (Instron 
VHS 8000, Fig. 3a) to simulate the high strain rates encountered in forging processes. Three 
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constant levels of strain rates of 1, 10 and 20 s-1 could be achieved through programming of ve-
locity profiles using closed-loop-control facility available on the test machine. The amplified 
punch displacement and force signals were sampled by a data acquisition card (National Instru-
ments NI-6111) at 10 kHz. The AE signals were acquired by a synchronized (NI-6110) card at 5 
MHz. The data acquisition, processing, and signal analysis were programmed with LabView 8.5. 
Two main modes of operation were used: 
 Data acquisition mode: In this mode, minimum amounts of graphical presentation were im-

plemented in order to increase system performance and reduce latency. This module consists 
mainly of adjustable band-pass filter and a signal parameter computation module. Based on 
adjustable threshold gate, threshold-crossing count, hits, cumulative hits, burst duration as 
well as rise and fall time can be calculated. Both filtered signal and derived signal parameters 
can be stored efficiently to a single file with the corresponding timed displacement and force 
signals. 

 Data processing and presentation module: This module is responsible for further data proc-
essing and analysis. All recorded data can be reloaded, processed and represented on differ-
ent graphs. 

 
Results 
 
 In this section, results describing different influences from product geometry or material as 
well as process parameters including temperature and strain rate will be presented. Due to space 
limitation, only interesting waveforms that reflect the similarity or dissimilarity of signals (or 
patterns) will be presented. Note that for the purpose of statistical assurance, every test has been 
repeated three times under the same test conditions. Only tests with high repeatability are con-
sidered. More than 75% of all performed test delivered comparable results with acceptable devia-
tions. To facilitate the comparison, the following abbreviations have been used: Materials 
(AZ80, AZ31, Al7075), Strain rates (PP1, PP10, PP20), and Temperatures (T200, T300, T400). 
 

One of the difficulties encountered in the current investigations was the influence of back-
ground noise level (close to 0.18 volt) caused mainly by the hydraulic drive and generated by the 
circulating cooling water inside the punch. Due to the elevated noise to signal ratio, linear scales 
have been preferred in order to distinguish between the different signal levels.  
 
Influence of Investigated Materials 
 Three different trends could be registered for the different materials investigated. In all per-
formed tests, AZ31 has generated signals of higher strength as compared to AZ80 und Al7075. 
The registered maximum amplitude has shown a remarkable decrease with the increase of the 
test temperature. The recorded signals from AZ31 specimens have longer duration than those 
from AZ80 under all performed test conditions. This difference decreased with increasing the 
strain rate. On the other hand, Al7075 demonstrated a very long signal as compared to those 
from Mg-alloys. In the most examined Al7075 samples, an exponentially increasing signal was 
recorded. For Mg-alloy specimens, deformed without damage development, the signal envelope 
has shown the usually cited shape of an increasing signal followed by an exponential decay. Ex-
amples of the recorded signals are shown in Fig. 4. 
 
Influence of Investigated Geometries 
 All cylindrical specimens deformed without cracking did not emit any useful signal, which 
could be used for the specimen evaluation. Signal strength, duration or recorded counts reflect 
the aforementioned influences arising from material, temperature or strain rate effects. 
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 Due to the small specimen dimensions and the small geometrical modification in the speci-
mens with collar, it was hard to get any analyzable changes in the recorded signal. A recognizing 
characteristic of the obtained signals from the specimens with collar is that they have a nearly 
flat envelope ending with a concentrated, slightly higher, pulse. This can be also seen as a set of 
superimposed and overlapped signals ending with cracking (Fig. 5). 
 

 

 
Fig. 4 Influence of examined material on the generated AE signal from undamaged specimens. 

 
Fig. 5 AE signals from undamaged specimens with collar. 
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 Recessed specimens with drilled holes have shown remarkable patterns as compared to the 
other types of specimens. Due to variations in the dominating stress states during deformation, 
the emitted AE signals are consequently changed. The presented example compares a specimen, 
which has been upset in a single stage (Fig. 6a) with another, which has been deformed first from 
18 to 10 mm followed by the second upsetting stage from 10 to 5 mm (Figs. 6b and 6c). It is 
clear that the developed signal in the single stage experiment (total duration = 5 ms) that ends 
with a lower frequency of higher amplitude signal (1 ms) is equivalent to the 2-ms signal for the 
first 8 mm of the punch movement followed by the 4-ms signal from the 5-mm stroke in the sec-
ond upsetting operation. The relatively higher amplitudes in the second stroke are related to the 
cooling of the specimen. This was caused by preparation time needed for the second stroke. 

 

 
Fig. 6 AE signals from recessed specimens with drilled ends. 

 
Influence of Temperature and Strain Rate 
 Comparing all the previously presented signals, it is evident that increasing the test tempera-
ture causes AE signals to decrease. It is well known that structural changes and formation of new 
slip planes take place in Mg at about 225°C. Therefore, most of Mg specimens upset at 200°C 
featured obvious damage. For this test temperature, a limited amount of strain (max. 0.6) has 
been applied to avoid complete damage of the specimen although a cracking signal has been re-
corded.  
 



 

 216 

 On the other side, increasing the forming speed has proved to increase the emitted AE for the 
investigated materials under the given test conditions. It is clear that this effect cannot be directly 
and physically related only to the release of AE from defects, and can be influenced by the im-
pact signals generated by the machine. However, if the generated signals could be classified and 
analyzed even with these erroneous influences, the main goal of the research could be achieved. 
In order to consider the impact effect during experiments, the impact signals were measured with 
the aid of an accelerometer. Results from tests accompanied by impact signals on the body of 
the testing machine were ignored. 
 
 A more detailed examination of the signals recorded during the upsetting of the recessed 
AZ31 Mg specimens, at strain rate of 1 s-1 and temperature of 300°C, shows five consecutive 
stages (Fig. 7). The development of these stages was verified through finite element simulations, 
although the separation and the splitting stages were inferred from the developed stress states.  

 In stage (1) crack initiation signals from both the upper and lower corners of the recess sec-
tions can be recognized. With an increased strain, an upper ring is separated by shearing along 
the cone extending from the outer recess to the inner hole. This shear cracking results in the high 
cracking signals seen in (2). Further deformation will cause fold-like contact between the upper 
and lower rings. The resulting friction could be evident from segment (3). As the upsetting pro-
gresses, the formed ring expands circumferentially due to the existence of resisting cone in the 
axial direction and splits up emitting a strong AE signal (4). This signal is characterized by 
longer rise time nearly equal to its decay time. The emitted friction signals proceed till the lower 
section of the specimen is separated forming a lower ring. The increased contact area between 
the surface of the lower hole and the lower upsetting plate generate excessive friction signal as 
shown in section (5). 
 

 
Fig. 7. Consecutive stages of damage induced during upsetting. 
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Fig. 7 (continued). Consecutive stages of damage induced AE during upsetting. (1) to (5) show 
detailed waveforms of 5 stages observed. Specimen details are also given. 
 
Conclusion and Outlook 
 
 A series of upsetting tests was carried out in order to correlate the emitted AE signals to dif-
ferent materials and geometries under various temperatures and strain rates. In addition to the 
reported influences from strain rate and temperature, the geometry of the specimen has proven to 
exhibit a great influence on the AE pattern. In a more detailed metallographic examination, the 
developed cracks and their mechanisms should be investigated, and correlation of the signal 
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parameters to the detected damages should be carried out. More tests should be performed in or-
der to gather enough parameters to feed the proposed AE “Pattern/Parameters/Damage” data 
bank. During the next series of experiments, the use of an advanced measurement system will 
facilitate the classification and the analysis of the obtained AE signals. Moreover, an attenuation 
system will be installed to reduce the hydraulic noise. In addition, the punch will be equipped 
with un-cooled hardened end. In combination with guard sensors, the influences of background 
noise can be minimized.  
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