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Digital Twin Framework for Misalignment Fault Detection using
loT-Enabled Sensing and Nonlinear Modeling

Gyanendra YADAYV, Indrajeet MAHATO, Swapna SINGH?#, Nitesh P. YELVE?*

Wave and Vibration Engineering (WaVE) Lab, Department of Mechanical Engineering,
Indian Institute of Technology Bombay, Powai, Mumbai, Maharashtra - 400076, India
#Corresponding author: nitesh.yelve@iitb.ac.in, swapna.singh@iitb.ac.in

Abstract

The rapid progress of Industry 4.0 highlights the importance of integrating AI/ML and Internet of Things
(1oT) enabled digital twins for intelligent condition monitoring, fault identification, and predictive
maintenance. This study addresses misalignment fault detection, specifically parallel and angular
misalignment, using a nonlinear mathematical model coupled with an in-house experimental setup. The
setup is constructed in the lab, which comprises motor, coupling shaft, supports, and bearings to simulate
controlled parallel and angular misalignment conditions. Vibration data are acquired using loT-based
sensors and analyzed in the frequency domain using an FFT analyzer. By integrating the physical system
with the digital model and incorporating AI/ML algorithms, this digital twin framework effectively
characterizes the misalignment faults in physical systems. The results demonstrate that this approach
improves diagnostic accuracy, reduces monitoring costs, and enables real-time prognosis. Furthermore, the
framework is scalable and can be extended to other faults such as bearing and gear faults, offering a versatile
platform for intelligent machine health monitoring.

Keywords: Digital twin, AI/ML, loT-based sensing, Fault detection, Parallel and angular misalignment.
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Reminiscing about the contributions of important figures
to the development of ultrasonic flaw detection in the context
of personal meetings and memories.

Piipomenuti prinosii vyznamnych osobnosti pro vyvoj ultrazvukové
defektoskopie v kontextu osobnich setkani a vzpominek.

Bernard KOPEC

Quality Testing Ultrasound; Bohumin, Czech
Phone: +420 603 432 965, e-mail: b.kopec@email.cz

Abstract

The development of non-destructive ultrasonic testing from the discovery of ultrasonic waves in 1794 by Lazzaro
Spallanzani to today's leaps and bounds in the use of ultrasonic technology in all sectors of human enterprise,
which is made possible by digital technology, miniaturization in electronics, and software computer systems, is
due to a number of prominent figures. The contribution is a view - a memory of the author of a meeting with some
prominent figures of ultrasound and a reminder of their significant contributions to this field. Only a small, selected
part of the personalities of ultrasonic testing who significantly contributed to the progress of ultrasonic flaw
detection will be remembered in the context of the author's memories of a personal meeting with them over more
than fifty years of activity in this field.

Keywords: Ultrasonic flaw detection, context of memories, personalities of Czech, Polish, German and American
ultrasound

Abstrakt

Na vyvoj nedestruktivniho zkouseni ultrazvukem od objevu ultrazvukovych vin v roce 1794 Lazzaro Spallanzanim
po dnesni skokové zmény ve vyuzivani ultrazvukové techniky ve vSech odvétvich lidského podnikani, coz
umoziuje digitalni technologie, miniaturizace v elektronice, softwarové pocitacové systémy ma zasluhu rada
vyznamnych osobnosti. Pfispévek je pohledem — vzpominkou autora na setkani s nékterymi vyznamnymi
osobnosti ultrazvuku a ptipomenuti jejich vyznamnych pfinost na tomto poli. Bude vzpomenuta pouze mala,
vybrana c¢ast osobnosti ultrazvukového zkouseni, které vyznamnou mérou pfispély k pokroku ultrazvukové
defektoskopie v kontextu vzpominek osobniho setkani autora s nimi za dobu vice nez padesatileté ¢innosti v tomto
oboru.

Klicova slova: Ultrazvukova defektoskopie, kontext vzpominek, osobnosti ¢eského, polského, némeckého a
amerického ultrazvuku
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The use of NDT to verify the properties of AISI 316L steel plates produced
by 3D printing
Vyuziti NDT k ovéreni vlastnosti ocelovych desek AISI 316L vyrobenych 3D
tiskem

Jana VESELA

Research Centre ReZ; Husinec-Rez, Czech
e-mail: jana.vesela@cvrez.cz

Abstract

As part of the TACR project Canut I — Repair Technologies, under the sub-project DP_02_02_01 Utilization of
additive technology in nuclear power plants, non-destructive testing (NDT) was carried out on steel plates
produced by 3D printing technologies. The results of these tests will be validated by the results of destructive tests
(DT) and metallographic analysis performed on the first printed plate made of stainless steel AISI 316L.

The basic applied NDT method was ultrasonic testing (UT) focusing on the detection of internal defects in the
printed structure, but also on the measurement of ultrasonic properties in all three axes, not just in the printing axis
of the plate. The obtained parameters are used to calculate modulus of elasticity E. Any detected defects and
moduli are compared with results from destructive tests (DT), namely tensile tests and impact bend tests. As part
of the property verification, metallographic assessment of the microstructure of the plates at selected locations is
also included. Among the other NDT tests, penetrant testing (PT) was used to detect surface defects and
radiographic testing (RT), which as another volumetric method provides results that are directly comparable to
those of UT.

Keywords: 3D print, ultrasonic testing, AISI 316L modulus of elasticity E, ultrasound speed

Abstrakt

V ramci TACR projektu Canut II — Repair Technologies, v ramci podprojektu DP_02 02 01 Vyuziti aditivni
technologie v JE byly realizovany nedestruktivni (NDT) zkousky na ocelovych deskach vyrobenych technologiemi
3D tisku. Vysledky téchto zkousek budou validovany vysledky destruktivnich zkousek (DT) a metalografickym
rozborem provedeném na prvni ti§téné desce z nerezové oceli AISI 316L.

Zakladni aplikovanou NDT metodou bylo ultrazvukové zkouSeni (UT) se zaméfenim na detekci vnitinich vad
tisténé struktury, ale také na meéfeni ultrazvukovych vlastnosti ve vSech tfech osach, nejen v ose tisku desky.
Ziskané parametry se vyuzivaji k vypoctu modulu pruznosti E. Piipadné zjisténé vady a moduly jsou srovnany s
vysledky destruktivnich (DT) zkousek, jmenovité s tahovymi zkouskami a rdzem v ohybu. Soucasti ovéteni
vlastnosti je i metalografické hodnoceni mikrostruktury desek ve vybranych mistech. Z dalsich NDT zkousek byly
vyuzity penetraéni zkouska (PT) pro detekci povrchovych vad a rentgenograficka zkouska (RT), ktera jako druha
objemova metoda ptinasi vysledky pfimo porovnatelné s vysledky UT.

Kli¢ova slova: 3D tisk, ultrazvukové zkouseni, ocel AlSI 316L, modul pruznosti E, rychlost ultrazvuku
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Filters in Industrial Radiography: From Classical to Adaptive and Multi-
Scale Approaches
Filtry v primyslové radiografii: od klasickych k adaptivnim a
viceuroviovym pristupim

Vit MINARU, Ladislav BOHM

NDT Software, s.r.o., Praha 10, Czech Republic
Phone: +420 775 042 728, e-mail: vit.minaru@ndtsoftware.eu, ladislav.bohm@ndtsoftware.eu

Abstract

Filters play a crucial role in the processing and interpretation of radiographic images in non-destructive testing
(NDT). Their use can significantly improve image quality, reduce noise, and enhance relevant features, ultimately
supporting more reliable defect detection and evaluation.

This presentation will provide an overview of filtering techniques used in radiographic testing, beginning with
classical methods such as smoothing, median, and sharpening filters. It will then explore multi-scale filters (e.g.
wavelets, pyramids, difference-of-Gaussians) that operate across different levels of detail, and adaptive filters (e.g.
Wiener, bilateral, anisotropic diffusion, non-local means) that respond to local image content to preserve edges
while suppressing noise. Each family of filters will be discussed in terms of its effect on image quality metrics
such as SNR, CNR, spatial resolution, and duplex wire visibility.

Through practical examples from weld inspection, the talk will illustrate how filter choice influences the balance
between noise reduction and detail preservation. The session will conclude with a short outlook on emerging Al-
based approaches as a potential future direction for radiographic image enhancement.

Keywords: Defectoscopy 2025, article, abstract, non-destructive testing (NDT), filter, image quality, RT, SNR,
CNR

Abstrakt

Filtry hraji zasadni roli pfi zpracovani a interpretaci radiografickych snimkii v nedestruktivnim testovani (NDT).
Jejich pouziti mize vyrazné zlepsit kvalitu obrazu, snizit Sum a zvyraznit relevantni detaily, coz vede k
spolehlivéjsimu vyhodnocovani defektt.

Tato prezentace ukaze vybrané filtry vyuzivané v radiografickém zkouseni. Za¢ne klasickymi metodami, jako jsou
vyhlazovaci, medianové ¢&i zostfovaci filtry, a nasledné se zaméii na viceuroviiové filtry (napf. wavelets,
pyramidové, rozdil Gaussovych filtri), které pracuji na rtiznych trovnich detailu, a na adaptivni filtry (napf.
Wienertiv, bilateralni, anizotropni difuze, non-local means), které se prizptisobuji lokalnim vlastnostem obrazu,
aby zachovaly hrany a soucasné potlacily Sum. Kazda skupina filtrt bude diskutovana z hlediska jejiho vlivu na
ukazatele kvality obrazu, jako jsou SNR, CNR, prostorové rozliseni a viditelnost duplexni dratkové zkousky.

Na praktickych ptikladech z kontroly svarti bude ukazano, jak volba filtru ovliviiuje rovnovahu mezi redukei Sumu
a zachovanim detaild. Prezentace bude zakoncena kratkym pohledem na nové Al-pfistupy jako mozny budouci
smér v oblasti zlepSovani radiografickych snimkd.

Klic¢ova slova: Defektoskopie 2025, prispévek, abstrakt, nedestruktivni testovani (NDT), filtr, kvalita obrazu, RT,
SNR, CNR

By submitting a paper, slide or poster | agree to the following publication procedure:
| accept that the conference committee is authorized to transfer my submitted paper(s) and author data to NDT.net for publication. | agree to
the following publication license: Copyright 2025 - by the Authors. Licensed under a Creative Commons Attribution 4.0 International License."

Odeslanim prispévku, prezentace nebo posteru souhlasim s nasledujicim postupem publikace:
Souhlasim s tim, Ze vybor konference je opravnén pienést mé predlozené piispévky a tidaje o autorovi na NDT.net ke zvefejnéni. Souhlasim s
nasledujici publikacni licenci: Copyright 2025 - autory. Licencovano pod mezinarodni licenci Creative Commons Attribution 4.0."



Defektoskopie 2025

Computer Tomography Imaging of Pipeline Damages using loT-Enabled
Guided Wave-based Testing

Ashesh Singh, Swapna Singh, Mayank Saini, Nitesh P. Yelve

Wave and Vibration Engineering (WaVE) Lab, Department of Mechanical Engineering,
Indian Institute of Technology Bombay, Powai, Mumbai, Maharashtra - 400076, India
e-mail: nitesh.yelve@iitb.ac.in

Abstract

Detecting and locating damage in pipelines remains a major challenge, particularly when insulation limits direct
inspection and conventional techniques lose effectiveness. Ultrasonic guided waves provide a promising solution
because they can propagate over long distances and interact with hidden damages, but their complex propagation
makes the captured signals difficult to interpret. In this work, guided wave signals are transmitted and recorded
using both piezoelectric transducers, and the responses are processed using a mode decomposition technique to
isolate meaningful components from background interference. From these decomposed signals, relevant features
are extracted and expressed as quantitative indices that describe the influence of damage. These indices are then
organised into a structured data format and employed for tomographic reconstruction, producing developed images
of the pipeline section that visualise the position and severity of damages. To enhance real-world applicability, the
approach is integrated within an loT-enabled monitoring framework, allowing guided wave data to be collected
by distributed sensor nodes, transmitted wirelessly, and processed for imaging and decision-making. The results
demonstrate that combining pitch-catch guided wave sensing, mode decomposition-based feature analysis, and
loT-assisted tomographic imaging provides a reliable and scalable solution for structural health monitoring of
insulated pipelines.

Keywords: Ultrasonic Guided Waves, Pitch-Catch Technique, loT-Enabled Data Acquisition, Non-Destructive
Evaluation, Tomography
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Manipulators for Device Diagnostic
Manipulatory pro diagnostiku zarizeni

David MESTL

Centrum vyzkumu ReZ s.r.0., Hlavni 130, Re, 205 68 Husinec
Phone: +420 725 628 368, e-mail: david.mestl@cvrez.cz

Abstract

In the field of energy, regular diagnostics and inspection of the technical condition of equipment play an
increasingly important role in ensuring their reliable and safe operation. Machines involved in production of
electrical energy are exposed to high mechanical, thermal, and electrical loads, which lead to gradual wear and the
development of defects that may result in equipment failure. Such a failure can subsequently cause the unplanned
shutdown of the entire production unit, which is why maintenance and early detection of defects are essential for
the proper and reliable operation of the machine. Systematic monitoring of their condition using non-destructive
testing methods enables the timely identification of potential problems, thereby minimizing the risk of accidents,
unplanned outages, and financial losses. In addition to enhancing operational safety, regular diagnostics can also
bring optimization of maintenance, extension of equipment service life, and, last but not least, the assurance of
stable electricity supply. Inspections increasingly involve the use of manipulators, whose application makes it
possible to obtain higher-quality data with greater repeatability, which is important for tracking the development
trends of observed defects. However, the advantages of robotic inspections go far beyond that. You can learn more
about these benefits and about why the development and production of manipulators for non-destructive testing
have become one of the increasingly significant activities carried out within the Research Centre ReZ in a short
presentation prepared on the topic “Manipulators for Equipment Diagnostics.”

Keywords: diagnostics, inspections, robotic inspections, non-destructive testing

Abstrakt

V oblasti energetiky hraje pravidelna diagnostika a kontrola technického stavu zatizeni stale vyznamnéjsi roli v
zajisténi jejich spolehlivého a bezpeéného provozu. Stroje podilejici se na vyrobé el. energie jsou vystaveny
vysokému mechanickému, tepelnému a elektrickému zatizeni, coz vede k postupnému opotiebeni a vzniku vad,
které mohou mit za nasledek poruchu daného zafizeni. Takova porucha mize nasledné vést az k neplanovanému
odstaveni celého vyrobniho bloku, a proto je udrzba a vCasna detekce vzniku defektu nezbytna pro spravny a
spolehlivy chod stroje. Systematické sledovani jejich stavu za pomoci metod nedestruktivniho testovani umoziuje
vcasnou identifikaci potencidlnich problémi, ¢imz se minimalizuje riziko havarii, neplanovanych odstavek a
finan¢nich ztrat. Kromé zvySeni provozni bezpecnosti miize pravidelna diagnostika ptinést i optimalizaci udrzby,
prodlouzeni zivotnosti zafizeni, a v neposledni fad¢ také zajiSténi stability dodavek elektrické energie.
K inspekcim se stale ¢astéji pouzivaji manipulatory, jejichz vyuzitim je mozné ziskat kvalitngj$i data s vy$$i mirou
jejich opakovatelnosti, ktera je dulezita ke sledovani trendi vyvoje pozorovanych vad. Vyhod, jeZz robotické
inspekce piinasi je ovSem mnohem vice. O téchto benefitech a o tom, pro¢ je vyvoj a vyroba manipulatord na
nedestruktivni testovani jednou ze stale vyznamnéjSich aktivit realizovanych v ramci spolenosti Centrum
vyzkumu Rez se miizete dozvédét v kratké prezentaci pripravené na téma ,,Manipulatory pro diagnostiku zatizeni®.

Kli¢ova slova: diagnostika, inspekce, robotické kontroly, nedestruktivni metody testovani (NDT)
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NDT equipment and instruments from the perspective of metrology.
NDT zafizeni a pristroje pohledem metrologie.

Josef NEUGEBAUER !

1 TUV NORD Czech, s.r.o0., Czech
Phone: +420 777 308 170, e-mail: neugebauer@tuev-nord.cz

Abstract

This article discusses the perspective of metrology, specifically the Act on Metrology No. 505/1990 Coll., on
instruments and devices used by flaw detection workers in their regular practice.

Like any other person, a worker performing NDT needs various measuring instruments and devices for his work.
Historically, the confusing term calibration has been introduced. However, this term has little in common with
calibration as understood by metrology. In the first phase, the author of this article dealt with defining key concepts
and built a conceptual apparatus. Subsequently, he focused on specific devices used and put them into context
from the perspective of metrology. An integral part of the article is also the analysis of NDT standards. The author
then applies the result of this analysis to the practice of a regular NDT worker.

Keywords: Metrology in NDT

Abstrakt

Tento piispévek pojednava o pohledu metrologie, konkrétn¢ Zakonu o metrologii €. 505/1990 Sb., na pfistroje a
zatizeni vyuzivané defektoskopickymi pracovniky v jejich b&zné praxi.

Jako kazda jiny ¢lovek i pracovnik provadéjici NDT potiebuje ke své praci rizna métidla a pfistroje. Historicky
je zaveden matouci termin kalibrace. Tento termin vSak nema s kalibraci, jak ho chape metrologie, mnoho
spole¢ného. Autor tohoto ¢lanku se v prvni fazi vyporadal s definovanim kli¢ovych pojmi a vystavél pojmovy
aparat. Nasledné se vénoval konkrétnim pouzivanym zatizenim a uvadél je do souvislosti z pohledu metrologie.
Nedilnou soucasti ¢lanku je také analyze NDT norem. Vysledku této analyzy pak autor aplikuje do praxe bézného
pracovnika NDT.

Klic¢ova slova: Metrologie v NDT
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RadalyX: Roboticky multimodalni skener

Josef UHER
Radalytica a.s., U Pergamenky 1145/12, 17000 Prague, Czech Republic, e-mail: josef.uher@radalytica.com

Abstract:

Pocitatova tomografie (CT) dnes patfi mezi hojné uzivané metody nedestruktivni kontroly Siroké mnoZiny typu
objektli od miniaturnich vzorkl po celd osobni auta nebo letadla. VSechny CT skenery ale vyZaduji, aby se vzorek
“vesel dovniti”. Tato silna metoda inspekce je tak pouZitelna pouze na objekty, které Ize do skeneru umistit. Diky
pokrokdim v robotickych manipuldtorech je vSak mozné nejen metodu CT, ale i dalsi pokrocilé inspekéni metody
vyuZit v situacich, kde se doposud rentgenova inspekce musela omezit na 2D zobrazeni.

V tomto pfispévku bude predstaven roboticky skener “RadalyX,” ktery kombinuje flexibilitu dvou robotickych
ramen s nejmodernéjsimi detektory jednotlivych fotonl. Zafizeni je plné prenosné a umozriuje celou radu
inspekénich pristupl od 2D rentgenového zobrazeni, pres tomosyntézu aZ po plnou pocitaéovou tomografii.

Skener je také multimodalni. To znamena, Ze Ize ve stejné soufadné soustavé méreni kombinovat i metody jako
UT, XRF, XRD, zobrazeni rozptylenych rentgenovych fotond, multi-spektrani zobrazovani (IR, viditelné a UV), atd.

Budou predstaveny i priklady aplikaci skeneru napfiklad v letectvi nebo v automobilovém primyslu.
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Service life extension of a small aircraft

Marie RUDOLFOVA

eddyczech, s.r.o0., Czech Republic, marie.rudolfova@eddyczech.cz

Abstrakt

Prodlouzeni zivotnosti nejen leteckych konstrukci je z finan¢niho hlediska velmi Zzddouci aktivitou. Mnoho leteckych
konstrukei jsou v dobrém stavu a jejich celkova zivotnost je jiz na poc¢atku navrhu a vyroby navrzena na mnohem vyssi standard
z hlediska konstruk¢ni pevnosti a zivotnosti. Do prodluzovani zivotnosti je nutné zahrnout koncepty souvisejici s poskozenim
konstrukce. Koncept ptipustnosti poskozeni (DT) lze jako vhodny nastroj zahrnout do projektu prodlouzeni Zivotnosti. Obecné
¢innosti zahrnuté v projektu DT z hlediska NDT jsou nasledujici: (1) seznameni s konstrukei letadla, (2) seznameni s kritickymi
oblastmi konstrukce, (3) vybér vhodné metody NDT dle charakteru oblasti a jeji ovéteni, (4) provedeni podrobné NDT soucasti
nebo sestavy kvalifikovanym a zkuSenym NDT personalem a mnoho dal$ich souvisejicich ¢innosti.

Klic¢ova slova: Vitivé proudy, Kovové materialy, Pripustnost poskozeni, Kontrola, Letecké konstrukce

Abstract

Extending the service life of not only aircraft structures is a highly desirable activity from a financial perspective. Many aircraft
structures are in good condition and their overall service life is already designed at the beginning of the design and
implementation/production to a much higher standard in terms of structural strength and service life. It is necessary to include
concepts related to structural damage in service life extension. The concept of damage tolerance (DT) as a suitable tool can be
include in a life extension project. The general activities included in the DT project in terms of NDT are as follows: (1)
introduction to aircraft structure, (2) introduction to critical areas of the structure, (3) selection of appropriate NDT method
according to the nature of the area and its verification, (4) performing detailed NDT of the part or assembly by a qualified and
experienced NDT personnel and many other related activities.

Keywords: Eddy current, Metal, Damage Tolerance, Inspection, Aircraft
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Motivation of students for a career in NDT
Motivace studentii pro kariéru v oblasti NDT

Helena RUCKOVA
eddyczech s.r.o0., Hostivice, Czechia; E-mail: helena.ruckova@eddyczech.cz

Abstrakt

Jaké mohou byt motivace studentl zacit kariéru v nedestruktivnim zkouseni? Jaké jsou moznosti se dnes s NDT
seznamit? Prezentace se zamysli také nad tim, jak by bylo mozné osloveni studentl, zejména z obori, kde NDT
neni soucasti vyuky, zlepsit a zvysit tak zajem o tento obor.

Kli¢ova slova: Nedestruktivni testovani (NDT), motivace, kariéra, propagace NDT

Abstract

What can be the motivations of students to start a career in non-destructive testing? What are the possibilities to
get familiar with NDT today? The presentation also considers how it would be possible to improve the outreach

of students, especially from fields where NDT is not part of the curriculum, and thus increase interest in this field.

Keywords: Non-destructive testing (NDT), motivation, career, NDT promotion
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Pro¢ ultrazvuk vidi pfi zkouSeni jen nékteré vady - orientace vad a
okrajové podminky

Stanislav STARMAN

STARMANS electronics, s.r.0.
V zahradach 24
180 00 Praha 8
Czech Republic
Phone: +420 603 415 465, e-mail: starmans@me.com

Abstrakt

Zkouseni ty¢i, Sochort, Zelezniénich kol, naprav.

Nastavime zkousenou vadu dle normy, zkalibrujeme, presto nenalezneme nékteré vyznamné vady.
To je ve vSech oborech. Snaha deklarovat, Ze zkouseni je 100% .

Realita pii reklamacich a pak optimalizace zkuSebnich postupt.

Uvadim porovnani klasického a phased array ultrazvuku s priklady zkouseni a jejich omezeni.

Klic¢ova slova: NDT, Defektoskopie 2025
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Acoustic emission - Industrial Applications
AkKusticka emise - primyslové aplikace

Jan CRHA

Pensioner, previously employed at the Research Institute of Vitkovive, Ostrava Vitkovice,
Czech; E-mail: jerha@tiscali.cz

Abstract

The paper summarizes experiencies with using acoustic emission (further AE) in the time domain fast 50 years.
The introductory part describes the sources of the AE signal and its characteristic properties during various types
of physicall metallurgical processes and during operational stresses of exposed structures.The results of AE
testing are divided into the following section:

1. metallurgical research

2. control of production technologies

3. continuous inspection of exposed structural elements during operation

4. periodic inspection of exposed structures (periodic pressure tests)

In the final part, the achieved results are evaluated and a further procedure effort the used of AE is proposed , not
only in the field of non-destructive testing of material.

Keywords: continuous emission, burst emission, burst signal parameters, critical temperature, critical time,
LBB criterion, NDT temperature, Felicity effect, Kaiser effect

Abstrakt

Prispévek shrnuje zkuSenosti s pouzitim akustické emise (dale AE) ve spolecnosti Vitkovice a.s. v ¢asovém
useku téméf 50ti let. V uvodni ¢asti jsou struéné popsany zdroje signalu AE a jeho charakteristické vlastnosti v
prubéhu riznych typu fyzikalné metalurgickych procesi a béhem provozniho namahani exponovanych
konstrukci. Vysledky testovani metodou AE jsou rozdéleny do nésledujicich ¢asti:

1. metalurgicky vyzkum

2. kontrola vyrobnich technologii

3. spojita kontrola exponovanych konstrukénich ¢asti za provozu

4. periodické kontroly rizikovych konstrukei (tlakové zkousky)

V zavérecné Casti jsou zhodnoceny dosazené vysledky a navrzen dalsi postup pro pouziti metody AE nejen v
oboru nedestruktivniho zkouseni materialu.

Klic¢ova slova: spojitd AE, praskava AE, parametry praskavé AE, kriticka teplota, kriticky ¢as, LBB kritérium,
NDT teplota, Felicity effect, Kaiser effect
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The Non-Destructive Method of Elasticity Modulus Measurement of Valve
Seats from STELLITE with Various Cryogenic Stavs

Nedestruktivni metody méreni modulu pruznosti sedel ventili ze slitin
STELLIT s kryogenim zpracovanim

Jakub MRAZ, Bfetislav SKRBEK

+420 736 240 546, Jakub.mraz@tul.cz, bretislav.skrbek@tul.cz
Liberec, Technical University of Liberec, Czech Republic.

Abstract

Function and straining of piston combustion engine valve seats. Utrasound diagnostics of composite valve seats
(steel-graphite) durability. Pilot experiment in region of cryogennic temperature influence on mechanical
properties of cobalt hot wear resistant alloys of STELLITE group determination. Cobalt alloys are exploited due
their excellent mechanical properties at high temperatures as a matter for valve seats of gas combustion engines.
From the technological view the valve seats are frozen in liquid nitrogen before assembling because of big
assembling overlaps which should assure reliable anchoring of valve seats in heads of cylinders. The anchoring
force depends on elasticity modulus of valve seat and head of cylinders. The non-destructive method of elasticity
modulus measurement in the region of bore for valve seats placing of composite cylinder heads. In the case of
undercritical value there is a danger of falling out of seat from cylinders head under influence of thermal
expansivity of head alone. The measurement of sound speed and magnetic properties of valve seats from
STELLITE 6 and STELLITE 12 with various cryogennic stays. The expressive minimum of sound speed at
critical cryogennic stay. The link proof of sound speed minimum and elasticity modulus by non-destructive
measurement of valve seat ring bent at hardnessmeter loading. The mathematical pattern of calculation. This
contribution serves to finding if this manufacturing technology of valve heads has an effect on useful properties
of valve seats — direction of next research.

Keywords: Valve seats; head of cylinders; Stellite; crzogennic processing.

Abstrakt

Funkce anamahani sedel ventili pistovych spalovacich motori. Ultrazvukova diagnostika Zzivotnosti
kompozitnich (ocel-grafit) sedel ventild. Pilotni experiment, v oblasti zjisStovani vlivu kryogénnich teplot na
mechanické vlastnosti kobaltovych zatepla otéruvzdornych slitin fady STELLIT. Kobaltové slitiny sa vyuzivaji
pro svoje vynikajici mechanické vlastnosti pfi vysokych teplotach jako material pro sedla ventild plynovych
spalovacich motoru. Z technologického hl'ediska sa sedla ventild pfed montazi v hlavach valci mrazi v tekutém
dusiku, kvili velkym montadznim pfesahtim, které maji zabezpecit spolehlivé ukotveni sedla ventilti v hlavach
valct. Sila ukotveni zavisi na hodnoté¢ modulu pruznosti sedla ventild a hlavy valcti. Nedestruktivni zptsob
méfeni modulu pruznosti v oblasti vyvrtu pro uloZeni sedel ventili kompozitnich hlav valci. V piipadé
podkritické hodnoty by hrozilo vypadnuti sedla z hlavy valci vlyvem tepelné roztaznosti samotné hlavy.
Me¢fteni rychlosti zvuku a magnetickych vlastnosti sedel ventili ze STELLIT 6 a STELLIT 12 srtznou
kryogenni vydrzi. Vyrazné minimum rychlosti zvuku pfi kritické kryogenni vydrzi. Dtikaz souvislosti minima
rychlosti zvuku a modulu pruznosti nedestruktivnim méfenim pruhybu prstence sedla ventilu zatéZzovanim
tvrdomérem. Matematicky model vypoctu. Prispévek slouzi také na zjisténi, ¢i ma technologie vyroby hlav
valct vliv na uzitné vlastnosti sedel ventild — smér dal$iho vyzkumu.

Krlucové slova: Sedla ventilt, Hlava valct, Stellite, Kryogenni zpracovani.
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1. Uvod

TEDOM a. s., divize ENGINES produkuje hlavné pistové motory na plyn zemni, skladkovy
apod. do kogeneracnich jednotek a kolejovych vozidel. Elektronické fizeni, limit E5 a
vykony nad 200kW jsou samoziejmosti. Pfed 30-ti lety za n. p. LIAZ se vyrabélo
mnohonasobné vice motorti hlavné pro nékladni automobily, ale s vyrazné niz§imi pozadavky
na emise a vykony. Pfitom zakladni rozméry motoru a jeho dilti se podstatné neménily z titulu
minimalizace nékladii na technologii. Proto zvySené pozadavky na uzitné vlastnosti stézejnich
dili motoru musely vést vétSinou pies vhodnéjsi material a jeho nedestruktivni diagnostiku.

2. Funkce sedel

Tésnost spalovaciho prostoru po ¥ pracovniho cyklu utvari kontakt kuZzelovych ploch hlavy
ventild a sedla ventili pod silou od pruzin. Po tuto dobu odvadi sedla teplo z ventila do téla
chlazené hlavy valci. Béhem zbyvajici 4 pracovniho cyklu kdy dochazi k vyméné
pracovnich medii se opotiebovava predevsim kontaktni dvojice sedlovych ploch sedel a
ventild. Sedla ventil maji prstencovity tvar (obr.1). Nacisto obrobeny jsou pied montazi na
vn&jsim priméru. Do hlav valch se vsazuji s pfesahem po zmrazeni na -196°C v tekutém No.
Vlastni vyvrt kuZelové plochy se provadi az po kompletaci v hlavé vélci. Podle druhu paliva
se voli uhel kuzelové kontaktni plochy sedla.

Obr. 1. Odlitky vyfukového a saciho sedla.

3. Litinova sedla [1]

Pro skalu naftovych a benzinovych ¢tyfdobych motori vyhovovala dlouhou dobu litinova
sedla. Monopolnim dodavatelem sedel a pistnich krouzkii od r. 1932 je v €eskych zemich
slévarna a obrobna v Komarové u Hotovic. Odolnost struktury vii¢i opotiebeni spociva ve
vytvofeni stabilni (v rozsahu pracovnich teplot) perlitické ¢i sorbitické matrice a skeletu
otéruvzdornych fosfidii a karbidd. Grafit podporuje tepelnou vodivost a snizuje koeficient
tteni. SloZeni (stfedni hodnoty) zékladnich litin s lupinkovym grafitem na sedla slévarny
,BUZULUK* Komarov ukazuje tab. 2:
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Tab. 1. Smérné slozeni sedel z litin.

Ozn. |C Si Mn P S Cr Ni Cu Mo \V/

B-4S |3,5 225 |065 |045 |<0,1 |0,15 |0,42 |0,42 |0,2 0

BX |37 285 |065 |045 |<0,1 |1,35 |<0,5 |<0,5 [1,35 |0

BY |35 2,75 10,8 045 (<01 (135 (045 (0,8 1,35 |0,2

Krouzky sedel (obr.1 D 60,5 a 63,7 mm) se odlévaji kazdy zvlast do keramické formy.
Vysoké obsahy Mo a Cr variant BX a BY puisobi vznik martenzito — bainitické matrice pfi
rychlosti ochlazovani ptirozenym chladnutim ve form¢. Proto pfed obrabénim nutno odlitky
stabilizovat popousténim na teplotu vyssi nez provozni. Sedla BX s BY se popousti na 570 az
580 °C. Vysledna matrice pak obsahuje i sorbit o rozsahu dovolené tvrdosti 31 — 40HRC
1mm pod povrchem.

Sedla z BX se bézné pouzivaji na piepliiované vznétové motory. Litina BY byla vyvinuta pro
motory na bezolovnaty benzin. Na plynovych zdzehovych motorech vykazovala ale vyssi
opotiebeni.

3.1. Diagnostika

U motorti provozovanych za vysoké teploty a pii ur¢itém slozeni spalin dochéazelo vyjimecné
k nepfipustnému opotiebeni.  Systematické sledovani velikosti opotiebeni, montaze a
rozlozeni tvrdosti H, tuhosti E a pevnosti Rm (prostiedky nedestruktivni strukturoskopie) po
obvod¢ sedel pfineslo mimo jiné poznatky:

a)Misto s vyraznym extrémem mechanickych vlastnosti se naléza ptfi vtoku do dutiny
formy (pozice 1)

b) Pfislusi mu nejnizsi tvrdost. Tuhost Eo (tab.3 a graf 1) tuto zavislost nemusi provazet.

¢) Opotiecbeni A pii konkrétnim zpisobu a délce provozu sedel lze s vysokou
pravdépodobnosti (R=0,91) pfedpovédet nedestruktivné zmétenymi vlastnostmi [1] — tvrdosti
H dle HRC a modulem pruznosti Eo pfed montdzi sedla vyrazem (3). Samotny modul
pruznosti E (po¢ateéni — zméfeny ultrazvukem) se spocita podle (2).

Ve své hodnoté je piimo umérny k velikosti vi(4). Pro kazdou jakost materialu nutno pouze
na $tihlych valcovych vzorcich d 12,5 L 124 mm zméfit a vypocitat hodnotu konstanty K

(DI4].

K = 5920%(p-(1+p)-(1-2-w)/(1-w))"? [s>xm?xN"?] @
E = (KxL/Ly)? [MPa] 2)
A=7,6-137<xHRCxEx10® [mm] (3)
E = (438xL/Ly)? [MPa] 4)
Rm = 7,21x(L/Ly)*>?® x HB®™ [MPa] (5)*

L....[mm] skutecna tloustka sedla

Ly ...[mm]  ultrazvukovym defektoskopem zméfena tloustka sedla
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Tab.2: Piiklad vyfukového sedla BX — rozloZeni vlastnosti po obvodu prstence.

&° 0 vtok |45 90 135 180 225 270 315 prameér
pozice 1 2 3 4 5 6 7 8

HRC 325 |33 345 1362 |35 36,1 35,6 35 34,8

Eo GPa |1453 |144,9 1449 | 1453 |149 150,9 |148,8 |146,6 |147
Rm*MPa |382 386 400 |412 |416 430 413 408 | 406

A mm (116 1,08 (0,78 |0,43 |0,49 0,18 0,38 05 (0,625

Oblast vtoku tvoii kritické misto litinovych sedel. Odolnost litiny na jednom sedle se
monotonné méni az Sestinasobné — graf 2. Mezni hodnoty pro A=0 mm: pii Eo 150 GPa staci
tvrdost sedla 36,5 HRC, ale pro tuhost Eo; 140 GPa musi tvrdost dosahnout 39,1 HRC.
Nedestruktivni métfeni v tab. 2 uvedenych uzitnych vlastnosti umoznilo vybirat sedla pro
ur€ité provozni podminky. Jednoznaéné lze take roztiidit sedla z litiny BX od BY podle
hodnoty E. Sedla BY vykazuji niz§i hodnoty E<110;130>GPa a vyssi tvrdost.

4. Sedla ze slitin Co.

Kobaltové slitiny typu STELLIT sa vyuzivaji pro svoje vynikajici mechanické vlastnosti za
opotiebeni pii vysokych teplotach jako materidl pro sedla ventill plynovych spalovacich
motoru. Z technologického hlediska se sedla ventili pfed vsazenim do hlav valci mrazi
v tekutém dusiku na — 196°C, kvili velkym montaZznim piesahtim, které maji zabezpegit
spolehlivé ukotveni sedla ventili v hlavach valct. Sila ukotveni zavisi na hodnoté¢ modulu
pruznosti E sedla ventili a hlavy valci. U konkrétniho materidlu se hodnota E méni se
strukturou a pnutim. V praxi se E ur¢i z mechanickych zkousek v ramci pruznych deformaci
nebo ultrazvukem [3].

Tab.3. Stfedni prvkové slozeni Co slitin STELLIT 6 a 12.

% C Si Mn Cr Mo w Ni HRC
S6 09-14 |15 1 29 1,5 4,5 3 42 - 48
S12 1,1-17 |1 1 30 max 1,5 8 3 48 - 52

Saci ventily se odlévaji ze slitiny STELLIT6 a vyfukové STELLIT12.

Strukturu STELLIT 6 tvofi elipsovitd oka tuhého roztoku kobaltu uspofadana v
mezidendriticky neusmérnéném sitovi lamel a v&jifa karbidického eutektika (obr.2). Pii
nevhodné dynamice, geometrii a Cistoté¢ kontaktnich sedlovych ploch a morfologii struktury
muZe nastat opotiebeni 1 stelitovych sedel.

Sedla ventili se odlévaji jako ptesné odlitky na voskovy model do predem vyhtatych skofepin
na 950° C v &eskych slévarnach 1. Brnénské strojirné a.s. V. Bite§ a PRAGUECAST s.r.o.
Praha. Dalsi zahrani¢ni dodavatel¢é stelitovych odlitka jsou firmy DELORO, ENDIS. Jemna
zrnitost struktury po odliti se ziskd ¢kovanim hlinitanem kobaltnatym v 1. obalové vrstvé
formy.

Kritické misto kazdého sedla je opét vtok — nebezpe€i vzniku mikro-dutin, nejhrubsi
(nejmekei — viz. graf 3.) struktura.
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b 2. Struktura

Zhrubnuti dendriti u vtoku by nemélo byt vétsi jak dvojnasobné. Méfeno na metalografickém
vybrusu z obrobku (na odlitku z oblasti pod ptidavkem obrabéni).

Na rozlozeni a vysku hodnot tvrdosti i snizeni vnitinich pnuti ptiznivé ptisobi vytvrzovani.
Vytvrzovéni spoéivé v ohfevu s vydrzi 2 az 4h/900 - 950° C s ochlazovéanim v peci do 400° C.
Hodnoty HRC timto zZihanim jiz po 2h stoupnou v priméru o 6HRC.

Provozni zpracovani navrzeno 900 °C s vydrzi 3h. Struktura je po Zihani na rozdil od litého
stavu dobie leptatelna - zvyraznény zihaci precipitaty (jemné karbidy) z tuhého roztoku a
ztraci feromagnetizmus.

5. Experiment

Odlitky (obr.1) i obrobky (obr.3.) sedel z Co slitiny STELLIT 6 a 12 byly ndhodné vybrany
z jedné dodavky slévarny PBS ze skladu logistiky TEDOM a.s. Méfila se podélna rychlost
zvuku v, tvrdost HRC a intensita zbytkového magnetizmu M vzdy nejméné ve 4 mistech po
90° na obvodu kazdého sedla. Porovnani vychozich hodnot a hodnot naméfenych po riiznych
vydrzich ochlazeni v tekutém dusiku (-196°C) vede k poznatkiim zpracovanym do grafii.
Tento ptispévek se zabyva pouze zménami akustickych vlastnosti — tuhosti.

Tloustka Ly se métila defektoskopem DIO 562 kalibrovanym na rychlost zvuku oceli 5920
m/s dvojitou ultrazvukovou sondou 10 MHz, D 8mm. Skute¢na tloustka L posuvnym
meéftitkem. Primérné hodnoty ze 4 pozic métfeni na kazdém sedle se pouzily pro rozbor vlivu
mrazeni na tuhost sedel vyjadienou hodnotu E.

VL = 5920xL/Ly [m/s] (6)

Pfed a po mrazeni byl také méfen soubor obrobenych sedel ventili. Vyfukova sedla byla
meétena ve dvou kolmych smérech (potlaceni vlivu neptesnosti méteni) — obr.3.
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Obr.3. A..vyfukové sedlo; sméry méteni VL.

Pro slitiny Co STELLIT se méfenim valcovych vzorkd d 12,5 L 124 mm a vypoctem
konstanty K tak stanovili vyraz (7)

E = (442,55%L/Ly)> [MPa] (7

Tab.4. Ptiklad naméfenych hodnot E [MPa] pro ex. seat, direction ,,0*

Eo=01 -196°C, min N2 jiquid Emin-196 dEo

1 222248,6 -3157,58

219091
3 216910,9| 849,1384

217760
10 219899,4| 2648,942

222548,4
20 219694,7| 445,1792

220139,9
60 224727,4 -7901,5

216825,9
1200 217376,0| 3655,527

221031,6

V logaritmické ose x grafill je piifazen pozici 0,1 pocatek 0 tj. stav pfed mrazenim na -196°C.
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6. Diskuze

Odlitky sedel ventilii (obr.1) vyfukovych i sacich vykazuji pfi mrazeni v tekutém dusiku (-
196°C) ostry extrém snizeni hodnoty E pii 10 min. expozice. Naopak finalni obrobky sedel, s
podstatné mensim prufezem prstence vykazuji pii mrazeni 10 min lokalni nariist hodnoty E u
sedel vyafukovych (extrém potvrzen méfenim E ze dvou navzdjem kolmych sméra). Saci
sedla s jesté¢ mensim prifezem a vétsim primérem D prstence vykazuji maximum piirastku E
pii expozici 15 min. Tyto zmény také souvisi se zménami vnitiniho pnuti.

7. Zavér

V ramci experimentu doporuceny intervaly doby mrazeni sedel ventilii pfed vkladdnim do hlav valca.
Zmény E mrazenim souvisi s mechanickym pnutim nebo fazovymi zmé&nami v prstencich sedel [3].
Nutny dalsi vyzkum. Ovéfeni RTG difrakei, deformacnimi testy.

Ptispévek byl podpoten z fondu rozvoje TU v Liberci.
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Application of Acoustic Emission on fatigue Damage of steel Bridges
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Abstract

Acoustic emission technique was used during static load of steel part of bridge containing fatigue cracks. Next
step of research program was monitoring of fatigue cracks on real steel bridge during loading by heavy trucks.
Parallel to this experimental investigation the acoustic emission was used to monitor steel railway bridge. This
bridge is over 109 years old and basic construction was done by riveting. Results of AE measurements have shown
very good results documented damage processes with crack behaviour during cyclic loading, The obtained acoustic
emission results were confirmed by other NDT methods used also for this experiments.
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1. Introduction

Acoustic emission was used as one of NDT method to evaluate damaged part of industrial metal
bridge. On this rather complicated shape section of bridge were found fatigue cracks created
after a long term of service. The bridge during a long time period of use was mainly loaded by
heavy trucks up to 40-50 tons with many cycles running over per day.

The main aim of experimental investigation such section was to clarify if long fatigue crack
will be stable during sequential static loading.

2. Experimental SET-UP

Damaged bridge section was placed in special hydraulic system. In this configuration four -
point bending load was applied in a few steps. During time lag all measured experimental
features were collected. To verify the right function of every sensor applied, two loading cycles
were done. On fig. 1. is general view on prepared section before tests. Fatigue crack is shown
at fig. 2. Location of acoustic emission sensor is on fig. 3. and schematic position of four AE
sensors is shown on fig. 4

&5
LSS

ig. 1 — General view

- e . _;'M.'.‘;* ¥ Dl -t “ ’.. < '.“&' o S ".

fatique crack

-
Fig. 2 — Fatigue crack
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Fig. 3 — Location of acoustic emission sensor
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Fig. 4 — Schematic position of four AE sensors

3. NDT technique used during experimental loading

During two applied cycles of loading, sensors for deformation, vibration, depredating processes were
used including measurement of:

a) load force

b) visual inspection

c) deformation of plate

d) strain gauge measurement

e) vibrations of plate

f) acoustic emission measurement

g) metal magnetic memory inspection
h) eddy current measurement
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4. Evaluation of acoustic emission data

First step of AE inspection, the calibration process was done. Acoustic emission was carried
out data during all period of loading and unloading of damaged part of bridge. After filtering
of AE signals only true emission data were taken to consider about the state of fatigue crack
area. In content of table 1. are shown individual steps of loading and unloading force.

1. First cycle loading: 0+ 16,8 KN, 16.8 +33,5 KN, 33,5 + 52,7 KN, 52,7 +67,0 KN, 67,0 + 50,0 KN, 50,0+
33,5KN, 33,5+16,7KN a 16,7 + 0 KN

2. Second cycle loading: 0 + 16,8 KN, 16.8 +33,5 KN, 33,5 + 50,3 KN, 50,3 +67,0 KN, 67,0 + 50,0 KN, 50,0+
33,5KN, 33,5+16,7KNa 16,7+ 0 KN

Table 1 — Load steps

Time dependence of AE activity during first cycle is partly on Fig. 5. a for second cycle on
Fig. 6.

[ 1. cyklus za't'éiova’nil
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Fig. 5 — Time dependence of AE activity — cycle 1
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Fig. 6 — Time dependence of AE activity — cycle 2



Defektoskopie 2025

Activity od AE in close crack area during first cycle of loading steps is shown at table 2. where
very low AE event were indicated. This low AE activity in crack area was confirmed during
second cycle see table 3.

First loading cycle - Number of localized acoustic emision events in area of fatugue crack Sum of AE
Increasing load 0,0 +16,8 KN 16,8 + 33,5 KN 33,5 +52,7KN 52,7+ 67,0 KN 0,0 + 67,0 KN
2EU 6 7 3 4 20
Decreasing load 67,0 50,0 KN 50,0 + 33,5 KN 33,5+16,7 KN 16,7 + 0,0 KN 67,0 +~ 0,0 KN
SEU 5 0 A 0 1 6

Table 2 — First cycle
Second loading cycle - Number of localized acoustic emision events in area of fatugue crack Sum of AE

Increasing load 0,0 +~16,8 KN 16,8 +~ 33,5 KN 33,5 +52,7KN 52,7+ 67,0 KN 0,0 +~ 67,0 KN
2EU 1 0 0 1 2
Decreasing load 67,0:50,0KN | 50,0-335KN | 335-16,7KN 16,7 0,0 KN 67,0+ 0,0 KN
2EU 0 0 0 1 1

Table 3 — Second cycle

On contrary to AE measured data the other measured mechanical features have shown rapid
increase of deformation, stress in whole loaded section, but this deformation and stress are not
uniform.

Parallel to applied two heavy loaded cycles on tested section, the stability of existing crack
was confirmed by eddy current inspection.

5. Conclusion

1. During experiment the damaged section of metal bridge was loaded statically up to
maximum load 67 kN which can occur during service.

2. Measurement of acoustic emission confirmed stability of existing fatigue crack during
two applied loading cycles.

3. Low emission activity during first loading cycle was responsible just to opening of crack
and breaking of oxidic layer.

4. This effect was not occurred during second cycle of loading, where emission activity
was very low.

5. To apply AE measurement on complicated shape of structure, is necessary to use more
AE sensors and make calibration how the AE signals are propagating in structure.
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