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ABSTRACT 

The structure-borne sound, displacement and 
continuous acoustic emission measuring sys-
tems provide new possibilities for detecting 
very short term transient events over a broad 
frequency range during the precision forging of 
gear toothed parts such as gearwheels and 
pinion shafts. It is also possible to analyse 
these events by employing wavelet analyses 
over these frequency ranges. With the aid of 
these methods, the compressive-deformation, 
flow and frictional processes as well as the 
filling were evaluated during precision forging 
by selectively using the displacements and 
frequencies in order to recognise early damage 
and to sensitively monitor the forging process. 
The influence of the temperature, lubrication 
and impurities on the forming behaviour and on 
the quality features of the precision forged high 
strength components were recorded and as-
sessed during the process sequence. A novel 
sensitive monitoring technology for transient 
production processes with respect to early 
damage recognition resulted from analysing 
the signal profiles using the wavelet transfor-
mations of a feature and vector analysis.  

 

1 INTRODUCTION   

Precision forging is a production process which 
uses forming technology for manufacturing 
near-net shaped, highly loaded components. 
Subject to special circumstances, tolerance 
classes up to IT grade 7 can be obtained. In 
comparison to machining production process-
es, significant shortening of the process chain 
and improvement in the energy and material 
efficiency can be gained. The Collaborative 
Research Centre 489 "Process chain for man-
ufacturing precision forged high performance 
components", which was initiated for this pur-
pose, intended laying the fundamental devel-
opments and qualifying new technological and 
logistical methods for manufacturing such 
forged parts. The demands on the dimensional 
and geometric accuracy during precision forg-
ing places high demands on the design and 
control of the forming process.  

Drawing on the research work in sub-project 
B6 "Non-destructive component testing", 
measuring and analytical equipment based on 
structure-borne sound and acoustic emission 
(AE) technology was developed for assessing 
transient precision forging events in gear 
toothed forged parts such as gearwheels and 
pinion shafts.  

In order to gain information about the forming 
method's process sequence, the loading, the 
tool's wear behaviour and the component's 
quality, the top and bottom tool are instrument-
ed using displacement, structure-borne noise 
and acoustic emission transducers. The aim is 
to assess the influence of factors, such as 
temperature, lubrication and impurities, on the 
forming behaviour and quality features of pre-
cision forged high strength components during 
the process sequence. During the course of 
events in transient forging, the displacement 
instruments provide a clear correlation of the 
process information to the forge displacement. 
By using wavelet-analyses, the continuous 
acoustic emission equipment provides new 
possibilities of recording and analysing, within 
the relevant process-window and time-
frequency range, short-term transient events 
during precision forging. This is a measuring 
tool for both early damage recognition in highly 
loaded components as well as for sensitively 
and selectively, using displacements and fre-
quencies, monitoring and evaluating the flow, 
frictional and compression processes as well 
as the damage events during precision forging.  

2 MEASURING ACOUSTIC EMISSIONS 
FOR EARLY DAMAGE ANALYSIS 

To monitor the running and operating behav-
iour of industrial machines and plants, struc-
ture-borne sound measurements are particu-
larly suitable as a non-destructive testing 
method [1-6]. Apart from early recognition of 
defects or, as the case may be, damage, pro-
duction processes are more reliably designed 
in order to increase the productivity and the 
availability of machines, to optimise the pro-
cess and to improve the product's quality. By 
means of structure-borne sound and acoustic 
emission measurements, damage and unfa-
vourable plant operating conditions can be 
verified without intervening in the running pro-
cess. Fields of application consist of monitoring 
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for leaks in liquid containments, crack initiation 
and cracking in components during their pro-
duction or under high operating loads as well 
as identifying component corrosion damage [7-
10]. 

Acoustic emission transducers operating within 
their resonant ranges are extremely sensitive 
within the ultrasonic range of approx. 20 kHz to 
2 MHz and can detect acoustic emissions from 
cracks, impacts, corrosion processes or dislo-
cation movement. 

Statistical parameters (AE data) enable rele-
vant signals to be separated from spurious 
signals without knowledge of the signal's char-
acteristics and to describe the plant's current 
status.  The most important features are the 
arrival time, maximum amplitude, rise time, 
signal duration, overshoot of a hit, energy and 
effective value [7, 11, 12]. 

For a nuanced treatment of the relevant transi-
ent process sequences, the acoustic emission 
signal is continuously recorded within the en-
tire process-window. The acoustic-emission 
sensor's recorded transient time-signals form 
the basis of the wavelet analysis.  

The so-called wavelet analyses are employed 
in the case of transient processes taking place 
over short time durations where not only fre-
quency-dependent signal intensities are prom-
inent in the time interval under consideration 
but also their time-dependent behaviours, or 
where the resolution of the FFT-analysis is not 
sufficient, owing to the shortness of the occur-
ring event [13]. Whereas with spectral anal-
yses, one performs the computation using a 
fixed time frame, with wavelet analyses, the 
signal's so-called wavelet-level is specified for 
various lengths of time frames as a function of 
the excitations contained in the signal. The 
potential for carrying out a local analysis of the 
frequency components in such a limited time 
interval is the real advantage of this analytical 
method [11, 14, 15]. 

3 PRECISION FORGING OF GEAR-
WHEELS 

Gearwheels are precision forged in an energy 
controlled, direct-drive screw press SPR 500 
made by the company Lasco, Fig. 1. The use 
of structure-borne sound and acoustic emis-
sion measurements during forging is sched-
uled in order to retrieve information about the 
process sequence as well as the loading and 
the wear behaviour with regard to the tooling 
and process optimisation.  

 

 

 

Fig. 1 Test set-up [16-18] 

A precondition for detecting specific process 
information and its classification is that the 
acoustic emission signal is synchronously rec-
orded with the press' displacement signal.  
Definite events in the forming process, such as 
the insertion of the pin into the blank and thrust 
bearing, closing of the tool and deflection of 
the tooling can be clearly attributed to the indi-
vidual excitations in the acoustic-emission 
signal with the aid of the displacement signal, 
Fig. 2. 

 

Fig. 2 Displacement dependent acoustic emis-
sions during the precision forging of gear-
wheels [16-18] 
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Apart from the excitations initiated by the ma-
chine and the tooling, contributions from the 
friction are depicted by means of the relative 
movement and the blank's flow into the cavity. 

4 RESULTS 

In order to investigate the influence of friction 
on the forming process and the component's 
quality, gear wheels were forged using differ-
ent amounts of lubricant, Fig. 3.  

 

Fig. 3 Influence of friction [16-18] 

In Fig. 3, the acoustic emissions during the 
precision forging of a gearwheel are depicted 
in the time and frequency ranges for the pro-
cess sequence using lubricant, in the 1st and 
the 3rd process cycle without lubricant. The 
signal curves are divided into four time seg-
ments; the wheel forming I, the force applica-
tion II, forming of the hub III and the forming of 
the gear teeth IV. With the aid of the wavelet 
transformation, transient signals can be simul-
taneously considered in the time and frequen-
cy ranges. According to the diagrams, the loss 
of net energy is larger without lubrication in the 
first and second time segments. This leads to a 
poorer shaping of the gear teeth in the time 
segment IV and to a rounding off of the teeth's 
edges. For the acoustic emission's measuring 
sequence used here, the characteristic infor-
mation dominates the frequency range from 
105 kHz, 260 kHz and 450 kHz. The character-
istic information dominates the frequency 

range from 30 kHz, 72 kHz and 116 kHz for the 
structure-borne sound's measuring sequence. 

To investigate the influence of the forging tem-
perature on the component's forming behav-
iour, the forging temperature was elevated 
from 1 100 °C in 50 °C steps, Fig. 4.  

 

Fig. 4 Influence of temperature [17, 18] 

Elevating the forging temperature leads to 
decreasing of flow stress, to significant chang-
es in the process' and in the acoustic emis-
sion's signal curve, which is manifested in an 
improved component and tooth shape.  

Carburising granule residues from the furnace, 
which are carried by the blank into the cavity, 
lead to forging flaws and cause the component 
to be locally malformed, Fig. 5. During forming, 
carburising granule residues lead to strongly 
elevated acoustic emissions in another fre-
quency range, which clearly deviate from the 
signal curve for a normal process sequence.  

In order to exploit the features of acoustic sig-
nals to classify components, the signal's 
curves are analysed from the wavelet trans-
formations at characteristic frequencies. The 
effective and peak values which are computed 
in each time segment and at each frequency 
are normalised with respect to the values for a 
reference, good part. The coefficient vectors 
determined from these coefficients are depict-
ed in Fig. 6 for the wheel forming, the force 
application and the forming of the gear teeth. 
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Fig. 5 Influence of impurities [16-18] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Classification of features from acoustic 
signals [17, 18] 
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In order to detect irregularities in the process 
sequence, the deviation of the vector reference 
value should be less than or equal to 1.8. In 
the first time segment, the non-lubricated in the 
3rd process cycle forged gearwheels to which 
carburising granule residues adhere can be 
clearly differentiated from the forged good 
parts.  In the second segment, both the forged 
parts which have adhering carburising granule 
residues as well as those parts forged without 
lubrication in the 3rd process cycle and at low-
er blank temperatures also clearly deviate from 
the region of good parts. Less significant, and 
therefore less informative, is time segment III. 
In contrast, all the good parts in time segment 
IV can be explicitly classified from the defective 
gearwheels possessing forging and geometric 
flaws.  

5 SUMMARY 

Based on these research results, the structure-
borne sound and acoustic emission measuring 
technology and the wavelet analysis provide 
new approaches to detect as measured data, 
to analyse and to assess very short term tran-
sient events during precision forging. For this 
reason, new possibilities result for both sensi-
tively monitoring transient manufacturing pro-
cesses as well as detecting damage early and 
evaluating component quality. 

6 ACKNOWLEDGEMENTS 

We would like to thank the German Research 
Foundation for supporting this project within 
the scope of the Collaborative Research Cen-
tre 489 "Process chain for manufacturing pre-
cision forged high performance components" 

7 REFERENCES 

[1] Jütte, F.: „Möglichkeiten und Trends bei der 
prozeßnahen Qualitätssicherung in der Um-
formtechnik“. Tagungsband 4. Kolloquiums 
zum Technologie-Transfer, Oktober, 1994, 
pp.17-28. 

[2] Schuster, A.: „Automatische Prozeßüber-
wachung sichert Teilequalität beim Stanzen“. 
Maschinenmarkt, Würzburg, Bd. 104, Heft 39, 
1998, pp. 26-29.  

[3] Kopka, T.; Schwer, A.: „Strukturierte Pro-
zessüberwachung erfasst Störverhalten von 
Werkzeugen“. Maschinenmarkt, Würzburg, Bd. 
106, Heft 4, 2000, s. 22-25. 

[4] Südmersen, U.; Scheer, Ch.; Pietsch, O.; 
Reimche, W.; Bach, Fr.-W.: “Failure source 

localization at turbo-sets by combined vibration 
and process parameter analysis”. The 9th In-
ternational Symposium on Transport Phenom-
ena and Dynamics of Rotating Machinery 
Honolulu, Hawaii, February 10-14, 2002.  

[5] Südmersen, U.; Pietsch, O.; Scheer, Ch.; 
Reimche, W.; Bach, Fr.-W.: “Condition moni-
toring by vibration analysis in power plants and 
production lines”. JSME Annual Meeting 2002, 
International Symposium on Machine Condi-
tion Monitoring and Diagnosis, Tokyo, Japan, 
25th-26th September 2002.  

[6] Hartleben, B.: „Erfahrungsbericht über 
Schadensfrüherkennung und Überwachung 
durch Körperschallanalyse in Kraftwerksanla-
gen“. VGB Kraftwerkstechnik 74 (1994), Heft 9, 
pp. 783-786.  

[7] Vallen, H.: „Die Schallemissionsprüfung“. 
Castell-Verlag, Wuppertal 2003, ISBN 3-934 
255-08-6.  

[8] Miller, R.; Hill, E: “Non-destructive testing 
handbook, acoustic emission testing”, Vol. 6, 
ASNT, 2005.  

[9] Ono, K.: “New goals for acoustic emission 
in material research”. Keynote lecture, in 
Acoustic Emission beyond the Millennium, 
Tokyo, Japan, 11-14 September 2000.  

[10] Richeton, T.; Weiss, J.; Louchet, F.: 
“Breakdown of avalanche critical behavior in 
polycrystalline plasticity”. Nature Materials, Vol. 
4, 2005, 465-469.  

[11] Pietsch, O; Scheer, C.; Südmersen, U.; 
Reimche, W.; Bach, Fr.-W..: „Zustandsbeurtei-
lung von Schmiedehämmern durch Schwin-
gungsanalysen“. VDI-EKV Tagung „Schwin-
gungen in Verarbeitungsmaschinen“, Leon-
berg, 2005.  

[12] Reimche, W.; Bach, Fr.-W.: „Schädigungs-
früherkennung mittels Körperschallanalysen 
zur Verfügbarkeitssicherung industrieller Anla-
gen“. DFG-Abschlußbericht Ba851/40-1, Han-
nover, September, 2004.  

[13] Wang, W. J.: “Wavelets for detecting me-
chanical faults with high sensitivity”. Mechani-
cal Systems and Signal Processing 15(4), 
2001, pp. 685-696, ISSN 08883270.  

[14] Takemoto, M.; Nishino, H.; Ono, K.: 
“Wavelet transform – applications to AE signal 



6 

 

analysis, acoustic emission”. Beyond the Mille-
nium, Elsevier, 2000.  

[15] Misiti, M.; Misiti, Y.; Oppenheim, G.; Poggi 
J.-M.: “Wavelet Toolbox User’s Guide”. The 
MathWorks, Inc. 1997-2000.  

[16] Böhm, V.; Bruchwald, O.; Reimche, W.; 
Bach, Fr.-W.; Odening, D.; Behrens, B.-A.: 
“Acoustic process monitoring during transient 
precision forging of high strength components”. 
Metallurgical and mining industry, 2011, Vol. 3, 
No. 7, pp. 91–97. 

[17] Reimche, W.; Böhm, V.; Bach, Fr.-W.; 
Odening, D.; Behrens, B.-A.: “Zeitbereichsana-
lyse transienten Umformverhaltens zur Quali-
tätsbewertung beim Präzisionsschmieden von 
Hochleistungsbauteilen”. DACH-Jahrestagung 
2012, Graz 

[18] Böhm, V.; Kästner, M.; Gillhaus, R.; 
Haskamp, K.; Reimche, W.; Bach, F.-W.; 
Reithmeier, E.: „Mess- und Prüftechnik“, in 

„Prozesskette Präzisionsschmieden“, Hrsg.: 
Bach, Kerber, Springer-Verlag, 2014, ISBN 
978-3-642-34663-7, ISBN 978-3-642-34664-4 
(eBook). 

_____________________________________ 

 Böhm 

Vera 

Leibniz Universität 
Hannover/ 
Institute of Materials 
Science: 

Non-Destructive Testing 

boehm@iw.uni-
hannover.de 

____________________________________
 

 

 

Photo 


