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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by 
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social 
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth 
of content Web of Science offers to researchers, authors, publishers, and institutions sets it 
apart from other research databases. The inclusion of News of NAS RK. Series of geology 
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication 
to providing the most relevant and influential content of geology and engineering sciences 
to our community.

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Геология 
және техникалық ғылымдар сериясы» ғылыми журналының Web of Science-тің 
жаңаланған нұсқасы Emerging Sources Citation Index-те индекстелуге қабылданғанын 
хабарлайды. Бұл индекстелу барысында Clarivate Analytics компаниясы журналды 
одан әрі the Science Citation Index Expanded, the Social Sciences Citation Index және the 
Arts & Humanities Citation Index-ке қабылдау мәселесін қарастыруда. Webof Science 
зерттеушілер, авторлар, баспашылар мен мекемелерге контент тереңдігі мен 
сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар сериясы 
Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті және 
беделді геология және техникалық ғылымдар бойынша контентке адалдығымызды 
білдіреді.

НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и 
технических наук» был принят для индексирования в Emerging Sources Citation Index, 
обновленной версии Web of Science. Содержание в этом индексировании находится 
в стадии рассмотрения компанией Clarivate Analytics для дальнейшего принятия 
журнала в the Science Citation Index Expanded, the Social Sciences Citation Index и 
the Arts & Humanities Citation Index. Web of Science предлагает качество и глубину 
контента для исследователей, авторов, издателей и учреждений. Включение 
Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному 
контенту по геологии и техническим наукам для нашего сообщества.
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БАС РЕДАКТОР
ЖҰРЫНОВ Мұрат Жұрынұлы, химия ғылымдарының докторы, профессор, ҚР ҰҒА академигі, РҚБ 

«Қазақстан Республикасы Ұлттық Ғылым академиясының» президенті, АҚ «Д.В. Сокольский атындағы 
отын, катализ және электрохимия институтының» бас директоры (Алматы, Қазақстан), https://www.scopus.
com/authid/detail.uri?authorId=6602177960, https://www.webofscience.com/wos/author/record/2017489

БАС РЕДАКТОРДЫҢ ОРЫНБАСАРЫ: 
АБСАДЫҚОВ Бақыт Нәрікбайұлы, техника ғылымдарының докторы, профессор, ҚР ҰҒА 

академигі, Қ.И. Сәтбаев атындағы Қазақ ұлттық техникалық зерттеу университеті (Алматы, Қазақстан), 
https://www.scopus.com/authid/detail.uri?authorId=6504694468, https://www.webofscience.com/wos/author/
record/2411827

РЕДАКЦИЯ АЛҚАСЫ:
ӘБСӘМЕТОВ Мәлiс Құдысұлы (бас редактордың орынбасары), геология-минералогия 

ғылымдарының докторы, профессор, ҚР ҰҒА академигі, У.М. Ахмедсафин атындағы Гидрогеология 
және геоэкология институтының директоры, (Алматы, Қазақстан), https://www.scopus.com/authid/detail.
uri?authorId=56955769200, https://www.webofscience.com/wos/author/record/1937883

ЖОЛТАЕВ Герой Жолтайұлы, геология-минералогия ғылымдарының докторы, профессор, ҚР ҰҒА 
құрметті академигі, (Алматы, Қазақстан), https://www.scopus.com/authid/detail.uri?authorId=57112610200, 
https://www.webofscience.com/wos/author/record/1939201

СНОУ Дэниел, PhD, қауымдастырылған профессор, Небраска университетінің Су ғылымдары 
зертханасының директоры, (Небраска штаты, АҚШ), https://www.scopus.com/authid/detail.
uri?authorId=7103259215, https://www.webofscience.com/wos/author/record/1429613

ЗЕЛЬТМАНН Раймар, PhD, Жер туралы ғылымдар бөлімінің петрология және пайдалы қазбалар 
кен орындары саласындағы зерттеулерінің жетекшісі, Табиғи тарих мұражайы, (Лондон, Ұлыбритания), 
https://www.scopus.com/authid/detail.uri?authorId=55883084800, https://www.webofscience.com/wos/author/
record/1048681

ПАНФИЛОВ Михаил Борисович, техника ғылымдарының докторы, Нанси университетінің 
профессоры, (Нанси, Франция), https://www.scopus.com/authid/detail.uri?authorId=7003436752, https://www.
webofscience.com/wos/author/record/1230499

ШЕН Пин, PhD, Қытай геологиялық қоғамының Тау-кен геологиясы комитеті директорының 
орынбасары, Американдық экономикалық геологтар қауымдастығының мүшесі, (Бейжің, Қытай), 
https://www.scopus.com/authid/detail.uri?authorId=57202873965, https://www.webofscience.com/wos/author/
record/1753209

ФИШЕР Аксель, қауымдастырылған профессор, PhD, Дрезден техникалық университеті, (Дрезден, 
Берлин), https://www.scopus.com/authid/detail.uri?authorId=35738572100, https://www.webofscience.com/
wos/author/record/2085986

АГАБЕКОВ Владимир Енокович, химия ғылымдарының докторы, Беларусь ҰҒА академигі, Жаңа 
материалдар химиясы институтының құрметті директоры, (Минск, Беларусь), https://www.scopus.com/
authid/detail.uri?authorId=7004624845

КАТАЛИН Стефан, PhD, қауымдастырылған профессор, Техникалық университеті (Дрезден, 
Германия), https://www.scopus.com/authid/detail.uri?authorId=35203904500, https://www.webofscience.com/
wos/author/record/1309251

САҒЫНТАЕВ Жанай, PhD, қауымдастырылған профессор, Назарбаев университеті (Астана, 
Қазақстан), https://www.scopus.com/authid/detail.uri?authorId=57204467637, https://www.webofscience.com/
wos/author/record/907886

ФРАТТИНИ Паоло, PhD, қауымдастырылған профессор, Бикокк Милан университеті, (Милан, 
Италия), https://www.scopus.com/authid/detail.uri?authorId=56538922400 

НҰРПЕЙІСОВА Маржан Байсанқызы – Техника ғылымдарының докторы, Қ.И. Сәтбаев атындағы 
Қазақ ұлттық зерттеу техникалық университетінің профессоры, (Aлматы, Қазақстан), https://www.scopus.com/
authid/detail.uri?authorId=57202218883, https://www.webofscience.com/wos/author/record/AAD-1173-2019

Ратов Боранбай Товбасарович, техника ғылымдарының докторы, профессор, «Геофизика және 
сейсмология» кафедрасының меңгерушісі, Қ.И. Сәтбаев атындағы Қазақ ұлттық зерттеу техникалық 
университеті, (Алматы, Қазақстан), https://www.scopus.com/authid/detail.uri?authorId=55927684100, https://
www.webofscience.com/wos/author/record/1993614

РОННИ Берндтссон, Лунд университетінің Таяу Шығысты перспективалы зерттеу орталығының 
профессоры, Лунд университетінің толық курсты профессоры, (Швеция), https://www.scopus.com/authid/
detail.uri?authorId=7005388716, https://www.webofscience.com/wos/author/record/1324908

МИРЛАС Владимир, Ариэль университетінің Химиялық инженерия факультеті және Шығыс ғылыми-
зерттеу орталығы, (Израиль), https://www.scopus.com/authid/detail.uri?authorId=8610969300, https://www.
webofscience.com/wos/author/record/53680261



«Известия РОО «НАН РК». Серия геологии и технических наук».
ISSN 2518-170X (Online), 
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ГЛАВНЫЙ РЕДАКТОР
ЖУРИНОВ Мурат Журинович, доктор химических наук, профессор, академик НАН РК, президент 

РОО Национальной академии наук Республики Казахстан, генеральный директор АО «Институт топлива, 
катализа и электрохимии им. Д.В. Сокольского» (Алматы, Казахстан), https://www.scopus.com/authid/detail.
uri?authorId=6602177960, https://www.webofscience.com/wos/author/record/2017489

ЗАМЕСТИТЕЛЬ ГЛАВНОГО РЕДАКТОРА 
АБСАДЫКОВ Бахыт Нарикбаевич, доктор технических наук, профессор, академик НАН РК, 

Казахский национальный исследовательский технический университет им. К.И. Сатпаева (Алматы, 
Казахстан), https://www.scopus.com/authid/detail.uri?authorId=6504694468, https://www.webofscience.com/
wos/author/record/2411827

РЕДАКЦИОННАЯ КОЛЛЕГИЯ:
АБСАМЕТОВ Малис Кудысович, (заместитель главного редактора), доктор геолого-

минералогических наук, профессор, академик НАН РК, директор Института гидрогеологии и геоэкологии 
им. У.М. Ахмедсафина (Алматы, Казахстан), https://www.scopus.com/authid/detail.uri?authorId=56955769200, 
https://www.webofscience.com/wos/author/record/1937883

ЖОЛТАЕВ Герой Жолтаевич, доктор геологоминералогических наук, профессор, почетный академик 
НАН РК (Алматы, Казахстан), https://www.scopus.com/authid/detail.uri?authorId=57112610200, https://www.
webofscience.com/wos/author/record/1939201

СНОУ Дэниел, PhD, ассоциированный профессор, директор Лаборатории водных наук Университета 
Небраски (штат Небраска, США), https://www.scopus.com/authid/detail.uri?authorId=7103259215, https://
www.webofscience.com/wos/author/record/1429613

ЗЕЛЬТМАНН Раймар, PhD, руководитель исследований в области петрологии и месторождений 
полезных ископаемых в Отделе наук о Земле Музея естественной истории (Лондон, Англия), https://www.
scopus.com/authid/detail.uri?authorId=55883084800, https://www.webofscience.com/wos/author/record/1048681

ПАНФИЛОВ Михаил Борисович, доктор технических наук, профессор Университета Нанси (Нанси, 
Франция), https://www.scopus.com/authid/detail.uri?authorId=7003436752, https://www.webofscience.com/
wos/author/record/1230499

ШЕН Пин, PhD, заместитель директора Комитета по горной геологии Китайского геологического 
общества, член Американской ассоциации экономических геологов (Пекин, Китай), https://www.scopus.
com/authid/detail.uri?authorId=57202873965, https://www.webofscience.com/wos/author/record/1753209

ФИШЕР Аксель, ассоциированный профессор, PhD, технический университет Дрезден (Дрезден, 
Берлин), https://www.scopus.com/authid/detail.uri?authorId=35738572100, https://www.webofscience.com/
wos/author/record/2085986

АГАБЕКОВ Владимир Енокович, доктор химических наук, академик НАН Беларуси, почетный 
директор Института химии новых материалов (Минск, Беларусь), https://www.scopus.com/authid/detail.
uri?authorId=7004624845

КАТАЛИН Стефан, PhD, ассоциированный профессор, Технический университет (Дрезден, 
Германия), https://www.scopus.com/authid/detail.uri?authorId=35203904500, https://www.webofscience.com/
wos/author/record/1309251

САГИНТАЕВ Жанай, PhD, ассоциированный профессор, Назарбаев университет (Астана, Казахстан), 
https://www.scopus.com/authid/detail.uri?authorId=57204467637 , https://www.webofscience.com/wos/author/
record/907886

ФРАТТИНИ Паоло, PhD, ассоциированный профессор, Миланский университет Бикокк (Милан, 
Италия), https://www.scopus.com/authid/detail.uri?authorId=56538922400 НУРПЕИСОВА Маржан 
Байсановна – доктор технических наук, профессор Казахского Национального исследовательского 
технического университета им. К.И. Сатпаева, (Aлматы, Казахстан), https://www.scopus.com/authid/detail.
uri?authorId=57202218883, https://www.webofscience.com/wos/author/record/AAD-1173-2019

РАТОВ Боранбай Товбасарович, доктор технических наук, профессор, заведующий кафедрой 
«Геофизика и сейсмология», Казахский Национальный исследовательский технический университет им. 
К.И. Сатпаева, (Алматы, Казахстан), https://www.scopus.com/authid/detail.uri?authorId=55927684100, https://
www.webofscience.com/wos/author/record/1993614

РОННИ Берндтссон, Профессор Центра перспективных ближневосточных исследований Лундского 
университета, профессор (полный курс) Лундского университета, (Швеция), https://www.scopus.com/
authid/detail.uri?authorId=7005388716 , https://www.webofscience.com/wos/author/record/1324908

МИРЛАС Владимир, Факультет химической инженерии и Восточный научно-исследовательский 
центр, Университет Ариэля, (Израиль), https://www.scopus.com/authid/detail.uri?authorId=8610969300, 
https://www.webofscience.com/wos/author/record/53680261
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Abstract. Relevance. Acoustic emission systems and complexes are currently 
considered a sensitive method for detecting forming defects. However, defect 
detection in selective laser melting of heat-resistant alloys using acoustic emission 
becomes challenging under the influence of noise. The impact of noise significantly 
complicates the identification of factors influencing the defect formation process, 
and it also makes it much harder to interpret the parameters of acoustic emission 
that characterize the state of the object under control. Objective. Study of filtering 
methods in case of extraneous influences to improve the reliability of the results 
of recording acoustic signals and improve the identification process. Methods. 
This article presents the results of the implementation of the developed method 
of cascade digital filtering. The method is based on high-frequency digital filters, 
approximated by a second-order Butterworth polynomial model. Amplitude, time, 
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and frequency fragments of acoustic emission signals, which characterize the 
defect formation process during the manufacturing of products, are highlighted. A 
relationship between the measurements of the signal’s amplitude parameters, the 
laser power of the system, and the nitrogen content in the heat-resistant alloy is 
established. The dependence of the laser power and nitrogen content percentage is 
approximated using the least squares method and visualized based on a scatter plot. 
Results and conclusions. The developed relationship describes and characterizes 
the influence of the listed factors on the defect formation process, and its adequacy 
is confirmed by calculating the coefficients of determination and significance. It is 
shown that the application of the cascade filtering method for signal identification 
significantly increases the effectiveness of the acoustic emission method. The 
developed cascade filtering method can also be applied when studying the acoustic 
properties and stresses caused by the physical fields of various rocks.

Keywords: аcoustic emission, defect formation control, additive manufacturing, 
direct laser deposition, filtration, laser power, chromium-nickel alloy.
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Аннотация. Өзектілігі. Акустико-эмиссионды жүйелер мен кешендер 
бүгінгі таңда пайда болатын ақауларды анықтаудың сезімтал әдісі ретінде 
қарастырылады. Дегенмен, жылуға төзімді қорытпаны таңдамалы лазерлік 
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балқыту кезінде акустикалық эмиссия әдісімен ақауларды анықтау бөгде 
әсерлердің ықпалынан күрделене түседі. Бөгде әсерлердің ықпалы дефект 
пайда болуына әсер ететін факторларды анықтауды едәуір қиындататын 
болса, акустикалық эмиссияны тіркеу кезінде оның параметрлерін 
интерпретациялау да айтарлықтай қиындық туғызады. Мақсат. Акустикалық 
эмиссия сигналдарын тіркеу нәтижелерінің сенімділігін арттыру және 
идентификация процесін жақсарту үшін бөгде әсерлер кезінде сүзгілеу 
әдістерін зерттеу. Әдістері. Бұл мақалада каскадтық сандық сүзгілеу 
әдісін іске асыру нәтижелері қарастырылған. Әдістің негізіне екінші 
ретті Баттерворстың полиномдық моделімен апроксималанған жоғарғы 
жиіліктердің сандық сүзгілері алынған. Өнімдер өсіру процесін сипаттайтын 
акустикалық эмиссия сигналдарының амплитудалық, уақыттық және жиілік 
фрагменттері бөлінген. Сигналдың амплитудалық параметрлерін өлшеу мен 
лазер қондырғысының сәулелену қуаты және жылуға төзімді қорытпадағы 
азот мөлшері арасындағы тәуелділік анықталған. Лазер сәулелену қуаты 
мен азоттың пайыздық мөлшерінің тәуелділігі ең аз квадраттар әдісімен 
апроксималанып, скаттограмма негізінде визуализацияланған. Нәтижелер 
мен қорытындылар. Дамыған тәуелділік аталған факторлардың дефект пайда 
болу процесіне әсерін сипаттап, оны анықтайды, оның сәйкестігі анықтама 
коэффициенттері мен маңыздылықты есептеу арқылы расталған. Каскадтық 
сүзгілеу әдісін сигналдарды идентификациялау үшін қолдану акустикалық 
эмиссия әдісінің тиімділігін айтарлықтай арттыратыны көрсетілген. Дамыған 
каскадтық сүзгілеу әдісі түрлі тау жыныстарының физикалық өрістері 
туғызған акустикалық қасиеттер мен кернеулерді зерттеуде де қолданылуы 
мүмкін.

Түйін сөздер: акустикалық эмиссия, ақаулардың пайда болуын бақылау, 
аддитивті өндіріс, тікелей лазерлік өсіру, сүзгілеу, лазер қуаты, хром-никель 
қорытпасы.

Е.А. Алтай, Б.Б. Базарбай*, Б.Н. Абсадыков, Г.К. Бердибаева, 
С.А. Калмаганбетов, 2025. 

Казахский национальный исследовательский технический университет 
имени К.И. Сатпаева, Алматы, Казахстан.

E-mail: b.bazarbay@satbayev.university

МЕТОД ИДЕНТИФИКАЦИИ ФАКТОРОВ, ВЛИЯЮЩИХ НА 
ДЕФЕКТООБРАЗОВАНИЕ ПРИ СЕЛЕКТИВНОМ ЛАЗЕРНОМ 

ПЛАВЛЕНИИ ЖАРОПРОЧНОГО СПЛАВА МЕТОДОМ 
АКУСТИЧЕСКОЙ ЭМИССИИ

Алтай Ельдос Алтайулы – PhD, Кандидат технических наук, Казахский национальный 
исследовательский технический университет имени К.И. Сатпаева, Алматы, Казахстан, e-mail: 
y.altay@satbayev.university, ORCID ID: 0000-0002-3736-0291;



24

N E W S  of  the  National  Academy  of  Sciences  of  the  Republic  of   Kazakhstan

Базарбай Бауыржан Бакытбекулы – PhD, Казахский национальный исследовательский 
технический университет имени К.И. Сатпаева, Алматы, Казахстан, e-mail: b.bazarbay@
satbayev.university, ORCID ID: 0000-0002-7387-1654;
Абсадыков Бахыт Нарикбаевич – доктор технических наук, ассоциированный профессор, 
Казахский национальный исследовательский технический университет имени К.И. Сатпаева, 
Алматы, Казахстан, e-mail: b.absadykov@satbayev.university, b_absadykov@mail.ru, ORCID ID: 
0000-0001-7829-0958;
Бердибаева Гульмира Куанышбаевна – PhD, ассоциированный профессор, Казахский 
национальный исследовательский технический университет имени К.И. Сатпаева, Алматы, 
Казахстан, e-mail: g.berdibayeva@satbayev.university, ORCID ID: 0000-0002-2976-8561;
Калмаганбетов Санжар Арманулы – магистр технических наук, Казахский национальный 
исследовательский технический университет имени К.И. Сатпаева, Алматы, Казахстан, e-mail: 
s.kalmaganbetov@satbayev.university, ORCID ID: 0009-0001-9248-4086.

Аннотация. Актуальность. Акустико-эмиссионные системы и 
комплексы на сегодняшний день считаются чувствительным методом 
обнаружения формирующихся дефектов. Однако обнаружение дефектов 
при селективном лазерном плавлении жаропрочного сплава методом 
акустической эмиссии становится сложным при влиянии помех. Влияние 
помех существенно усложняет идентификацию факторов, влияющих на 
процесс дефектообразования, а также при регистрации акустической эмиссии 
существенно затрудняет интерпретацию ее параметров, характеризующих 
состояние объекта контроля. Цель. Изучение методов фильтрации при 
посторонних воздействиях для повышения достоверности результатов 
регистрации акустических сигналов и улучшения процесса идентификации. 
Методы. В данной статье рассмотрены результаты реализации разработанного 
метода каскадной цифровой фильтрации. В основу метода положены 
цифровые фильтры верхних частот, аппроксимированные полиномиальной 
моделью Баттерворта второго порядка. Выделены амплитудные, временные 
и частотные фрагменты акустических сигналов эмиссии, характеризующие 
процесс дефектообразования при выращивании изделий. Установлена 
зависимость между измерениями амплитудных параметров сигнала и 
мощностью излучения лазера установки, и содержанием азота в жаропрочном 
сплаве. Зависимость мощности излучения лазера и процентным содержанием 
азота аппроксимирована методом наименьших квадратов и визуализирована 
на основе скатрограммы. Результаты и выводы. Разработаная зависимость 
описывает и характеризует влияние перечисленных факторов на процесс 
дефектообразования, адекватность которой подтверждена вычислением 
коэффициентов детерминации и значимости. Показано, что применение 
метода каскадной фильтрации для идентификации сигналов существенно 
повышает результативность метода акустической эмиссии. Разработанный 
метод каскадной фильтрации также может быть применен при изучении 
акустических свойств и напряжений, вызванных физическими полями 
различных пород.

Ключевые слова: акустическая эмиссия, контроль дефектообразования, 
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аддитивное производство, прямое лазерное выращивание, фильтрация, мощ
ность лазера, хром-никелевый сплав.

Introduction. With the development of additive manufacturing (AM), there is an 
increasing need to apply control methods for products manufactured using additive 
technologies (AT) at all stages of their life cycle (Kovalevich, 2023; Kaplan, 2018). 
This is due to the fact that the reliability and operational characteristics depend 
on the presence of structural inhomogeneities and imperfections in products made 
using AT (Kovalevich, 2023). The main types of defects in metallic products 
produced by AT include cracks, porosity, lack of fusion, non-metallic inclusions, 
local and general layer displacement, and excessive roughness. For metallic AM 
products, cracks and porosity are the most critical since they can lead to product 
failure under operational loads. The occurrence of these types of defects is especially 
characteristic of direct laser growth (DLG).

DLG is one of the promising methods of AM. Its distinctive feature is the 
manufacturing of products and prototypes from various materials (Litunov, 2016). 
The essence of the DLG method lies in the layer-by-layer sequential melting of 
metal powder using laser radiation (Litunov, 2016). Various spherical metal powders 
based on zinc, bronze, steel, titanium, chromium, nickel, etc., are used as cladding 
materials (Litunov, 2016; Wei, 2022). It is essential to emphasize that both the 
properties of the powder material and the characteristics of the DLG process affect 
the product quality and defect formation (Yang, 2022; Popkova, 2015; Smirnov, 
2018; Kaplan, 2018): the technological properties of the powder material and the 
technological parameters of DLG, primarily laser energy, laser beam scanning 
speed, and platform temperature used for DLG.

It has been established that in DLG, the power of laser radiation contributes 
significantly to the selective melting of metal powders (Popkova, 2015; Kaplan, 
2018). Therefore, the main factors determining the quality of DLG products are 
laser radiation power, powder properties, and laser path speed (Kaplan, 2018). 
It should also be noted that the laser radiation power at various stages of DLG 
directly affects the state of the metal powder melt and the solidification of the 
molten metal, which has a significant impact on the type and size of the defects 
formed, whose characteristics may also depend on the technological properties 
of the metal powders (Yang, 2022; Barat, 2019; Altay, 2022; Absadykov, 2022). 
Heat-resistant chrome-nickel alloys, such as EP648, EP74, (Yang, 2022; Chernova, 
2017; Rastegaeva, 2018) are the most widely used for manufacturing products. 
According to numerous studies (Yang, 2022; Barat, 2019; Altay, 2022; Chernova, 
2017; Rastegaeva, 2018), these alloys differ in fractional composition, the mass 
fraction of chemical elements, particle morphology, and other characteristics. 
Selecting the most suitable metal powder in terms of corrosion resistance, heat 
resistance, plasticity, and particle morphology (not exceeding 50 µm (Smirnov, 
2018; Chernova, 2017; Rastegaeva, 2022) for AM products using the DLG method 
is a non-trivial task. Despite the identified features of AM product manufacturing, 
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it is crucial to choose a heat-resistant metal powder for a specific task, and non-
destructive monitoring of defect formation in growing products is a relevant and 
important issue that requires a comprehensive approach.

Studies (Kovalevich, 2023; Kaplan, 2018; Smirnov, 2018; Smirnov, 2019) have 
proposed acoustic and optical methods to control the defect formation process 
in tested products. The most promising method for monitoring internal defects, 
namely crack formation and porosity occurring during the layer-by-layer melting 
of powder material, is the acoustic emission (AE) method, which is sensitive to 
internal structural rearrangements in product materials during manufacturing 
(Smirnov, 2018; Smirnov, 2019). 

The optical method for monitoring the defect formation process is also considered 
promising and especially important for detecting surface and subsurface defects in 
manufactured products. Therefore, experimental studies aimed at investigating the 
defect formation process in AM products using the AE method are relevant and 
promising for ensuring non-destructive testing.

The practical application of the AE method is complicated by the inevitable 
influence of noise (Tempelman, 2022) on the informative component of AE 
signals (Pandiyan, 2021), which significantly reduces the signal-to-noise ratio and 
complicates the search for associations between AE parameters and AE sources 
(Rastegaev, 2018). To overcome this challenge, this article justifies the application 
of a previously developed polynomial digital filtering method for AE signals based 
on a high-pass filter (HPF) (Pandiyan, 2021; Makhutov, 2020), approximated 
by a second-degree Butterworth polynomial (n = 2). This method ensures stable 
filtering of real AE signals with the required filter quality indicators (transient time, 
overshoot, gain coefficient) (Pandiyan, 2021), confirmed by the placement of root 
loci (zeros and poles) within the unit circle on the right side of the complex plane.

The choice of this method is justified by the possibility of high-precision 
filtering with minimal distortion of the informative component of the AE signal 
shape (Rastegaev, 2018), as well as its resistance to noise interference (Pandiyan, 
2021; Rastegaev, 2018; Makhutov, 2020) when presenting filtered signals in the 
frequency-time domain.

One of the ways to present the results of AE data processing after filtering is 
frequency-time signal analysis (Tempelman, 2022). The need for frequency-time 
analysis (Frolov, 2015) methods arises from the ability to visualize high-frequency 
components of AE signals over time and low-frequency components by frequency. 
Fourier, wavelet, and Hilbert-Huang transformations are widely used for frequency-
time processing of AE signals (Frolov, 2015). These methods are analytically 
interconnected (Frolov, 2015), but depend on the properties of the analyzed signal. 

For example, wavelet transformation allows the analysis of nonlinear and non-
stationary segments of signals (Frolov, 2015) and their representation in the form 
of wavelet scalograms, the use of which expands the visualization capabilities of 
AE control data (Tempelman, 2022; Frolov, 2015). Therefore, in this study, wavelet 
scalograms are used to present AE signal processing results in the frequency-time 
domain.
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This study presents the results of AE monitoring of pore and crack formation 
processes in products during their DLG using polynomial cascade filtering of 
registered noisy AE signals followed by frequency-time analysis. The study also 
provides a statistical assessment of the influence of various DLG modes and the 
composition of alloy powder on defect formation.

The goal of the research is to improve the effectiveness of processing and 
analyzing AE signals in defect formation control through the application of 
polynomial digital filtering, as well as to develop a model of the influence of 
selected factors on the diagnostic parameter of AE.

A statistical model characterizing the influence of various laser radiation 
power modes and the chemical composition of spherical EP648 alloy powder was 
developed using regression analysis (Isametova, 2022 a). The choice is due to the 
operability and high sensitivity of this method to the analyzed control data (Frolov, 
2015),  as well as the absence of requirements for special training of samples 
obtained during control.

Methods and materials. 
Technological properties of powders used in AM. In the production of AM 

products operated under high-temperature conditions, heat-resistant chrome-nickel 
alloys are widely used (Yang, 2022; Barat, 2019; Rastegaeva, 2022; Frolov, 2015). 
Based on the analysis of studies (Frolov, 2015; Isametova, 2022 b), the main 
characteristics of the alloys were identified using the methods presented in Fig. 1.
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Fig. 1. Methods for assessing the technological properties of alloys 
 

As a result of the analysis of the technological properties of various heat-resistant alloys 
(Yang, 2022; Chernova, 2017; Rastegaeva, 2022; Frolov, 2015), it was established that the 
powder samples have a single-phase austenitic structure with a face-centered cubic crystal lattice 
due to the presence of alloying elements: chromium over 18% and nickel — 8%. Due to the 
content of alloying elements and low oxygen content, the EP648 powder, unlike EP741, is 
resistant to corrosion, plastic deformation, and high temperatures (Chernova, 2017; Rastegaeva, 
2022; Frolov, 2015), which justifies the choice of this particular alloy. The particle size 
(diameter) of this spherical powder does not exceed 50 µm (Chernova, 2017), which contributes 
to a narrow particle size distribution (Smirnov, 2018) and reduces the porosity of the 
manufactured products (Kaplan, 2018). However, the EP648 alloy powder contains nitrogen in 
the range of 0.109 to 0.111%, which may contribute to the formation of cracks in the finished 
product (Rastegaeva, 2022), a factor that must also be considered when manufacturing products 
using the DLG method. The influence of the composition of spherical alloy powders on 
manufactured products was also noted in studies. For the subsequent stages of the research, the 
choice of EP648 (due to the nitrogen content) as a predictor affecting the crack formation 
process is substantiated. Thus, the analysis of studies (Yang, 2022; Barat, 2019; Rastegaeva, 
202; Frolov, 2015) devoted to the evaluation of chrome-nickel alloys showed that the most 
corrosion-resistant, ductile, and heat-resistant material is EP648, therefore, this study focuses on 
it for further research. 
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As a result of the analysis of the technological properties of various heat-
resistant alloys (Yang, 2022; Chernova, 2017; Rastegaeva, 2022; Frolov, 2015), it 
was established that the powder samples have a single-phase austenitic structure 
with a face-centered cubic crystal lattice due to the presence of alloying elements: 
chromium over 18% and nickel — 8%. Due to the content of alloying elements and 
low oxygen content, the EP648 powder, unlike EP741, is resistant to corrosion, 
plastic deformation, and high temperatures (Chernova, 2017; Rastegaeva, 2022; 
Frolov, 2015), which justifies the choice of this particular alloy. The particle size 
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(diameter) of this spherical powder does not exceed 50 µm (Chernova, 2017), which 
contributes to a narrow particle size distribution (Smirnov, 2018) and reduces the 
porosity of the manufactured products (Kaplan, 2018). However, the EP648 alloy 
powder contains nitrogen in the range of 0.109 to 0.111%, which may contribute 
to the formation of cracks in the finished product (Rastegaeva, 2022), a factor that 
must also be considered when manufacturing products using the DLG method. The 
influence of the composition of spherical alloy powders on manufactured products 
was also noted in studies. For the subsequent stages of the research, the choice of 
EP648 (due to the nitrogen content) as a predictor affecting the crack formation 
process is substantiated. Thus, the analysis of studies (Yang, 2022; Barat, 2019; 
Rastegaeva, 202; Frolov, 2015) devoted to the evaluation of chrome-nickel alloys 
showed that the most corrosion-resistant, ductile, and heat-resistant material is 
EP648, therefore, this study focuses on it for further research.

Registration and analysis of noisy AE signals. For AE monitoring, the SCAD 
16.10 acoustic emission system with a set of AE transducers PK 0.1-0.7 was used 
as a measuring instrument. DLG was performed using the ILIST-L robotic setup 
(Frolov, 2015), which consists of a production chamber, a two-axis rotator, a 
cladding head, a robotic manipulator, a powder preparation and feeding system, 
and a cladding nozzle. During the layer-by-layer growth of products, AE signals 
were recorded directly during laser growth.

As part of the experimental studies, five samples in the form of parallelepipeds 
were grown under different laser radiation power modes/values: 800, 1000, 1200, 
1400, and 1600 W. Each sample was grown on an aluminum substrate fixed on the 
worktable in the production chamber of the ILIST-L robotic setup (Fig. 2) under 
the cladding head. AE events were recorded sequentially during the growth of each 
sample. A total of 20 real AE signals were registered throughout the sample growth 
process.
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Fig. 2. External view of the experimental setup 
 

To isolate the informative component from noise, a signal generated by the movement of the 
robotic manipulator of the DLG setup was recorded in advance (this noise most significantly 
distorts the informative component). Figure 3 shows the amplitude-time diagram of the noise 
during DLG (a; q — samples) and its frequency spectrum (b). 
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Fig. 3. Noise generated during DLG: a) time-domain diagram; b) frequency spectrum 
 

Figure 4 illustrates the characteristics of one of the noisy AE signals during DLG (a — before 
filtering; b — frequency spectrum). A joint analysis of the frequency spectra justified the choice 
of the filter cutoff frequency for processing and further analysis of AE signals. 
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To isolate the informative component from noise, a signal generated by the 
movement of the robotic manipulator of the DLG setup was recorded in advance 
(this noise most significantly distorts the informative component). Figure 3 shows 
the amplitude-time diagram of the noise during DLG (a; q — samples) and its 
frequency spectrum (b).
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Figure 4 illustrates the characteristics of one of the noisy AE signals during DLG 
(a — before filtering; b — frequency spectrum). A joint analysis of the frequency 
spectra justified the choice of the filter cutoff frequency for processing and further 
analysis of AE signals.
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Fig. 4. AE signal shape during DLG: a) before filtering; b) frequency spectrum 
 

A comparative analysis of the characteristics of the registered signals presented in Figures 
3 and 4 revealed that the frequency component above 1000 kHz corresponds to noise, while the 
component ranging from 90 to 250 kHz is informative. The obtained results of the experimental 
evaluation of the frequency of the informative signal component and noise are consistent with 
the findings of the study (Frolov, 2015), which noted that the frequency of signals characterizing 
the crack formation process can range from 100 to 250 kHz. 

According to numerous studies (Tempelman, 2022; Makhutov, 2020; Frolov, 2015), the 
frequency of AE signals from pore formation is below 100 kHz. This justifies the selection of the 
lower (up to 100 kHz) and upper (up to 250 kHz) boundaries of the frequency range for tuning 
two HPFs to isolate AE signals of crack formation, pore formation, and suppress noise at 
frequencies localized above 250 kHz. 

Processing and analysis of AE signals registered during defect formation. AE signal 
processing was carried out in two stages. Stage 1 included the calculation and analysis of HPF 
transfer functions, the development of a cascade bidirectional filtering scheme to isolate AE 
signals from defects, and their visualization in the frequency-time domain. Stage 2 involved the 
analysis and evaluation of the AE diagnostic parameter characterizing the defect formation 
process. 

Stage 1. The calculated transfer functions of continuous Butterworth HPFs and their 
bilinear transformation are presented in Table 1. 
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Note: s is the complex variable of the continuous transfer function of the filter; z is the complex 
variable of the discrete transfer function of the filter. 
 

The analysis of quality indicators showed that the digital HPFs, tuned to cutoff 
frequencies of 100 and 250 kHz, are stable, with a gain coefficient of 0.7 at the cutoff 
frequencies. The pole roots and zero roots of the calculated filters are localized at the pole loci 
p1,2 = 0.968 ± 0.0308i for fc = 100 kHz and p1,2 = 0.912 ± 0.080i for fc = 250 kHz, as well as at 
the zero loci at z = 0.999 ≈ 1. The analysis confirms the localization of the HPF transfer function 
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A comparative analysis of the characteristics of the registered signals presented in 
Figures 3 and 4 revealed that the frequency component above 1000 kHz corresponds 
to noise, while the component ranging from 90 to 250 kHz is informative. The 
obtained results of the experimental evaluation of the frequency of the informative 
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signal component and noise are consistent with the findings of the study (Frolov, 
2015), which noted that the frequency of signals characterizing the crack formation 
process can range from 100 to 250 kHz.

According to numerous studies (Tempelman, 2022; Makhutov, 2020; Frolov, 
2015), the frequency of AE signals from pore formation is below 100 kHz. This 
justifies the selection of the lower (up to 100 kHz) and upper (up to 250 kHz) 
boundaries of the frequency range for tuning two HPFs to isolate AE signals of 
crack formation, pore formation, and suppress noise at frequencies localized above 
250 kHz.

Processing and analysis of AE signals registered during defect formation. AE 
signal processing was carried out in two stages. Stage 1 included the calculation 
and analysis of HPF transfer functions, the development of a cascade bidirectional 
filtering scheme to isolate AE signals from defects, and their visualization in the 
frequency-time domain. Stage 2 involved the analysis and evaluation of the AE 
diagnostic parameter characterizing the defect formation process.

Stage 1. The calculated transfer functions of continuous Butterworth HPFs and 
their bilinear transformation are presented in Table 1.

Table 1. Transfer function of the calculated high-pass filters
Cascade of filters Transfer functions of HPF (where HPF stands for High-Pass Filters)

Continuous, W(s) Discrete, W(z)

HPF at fc = 100 kHz
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Note: s is the complex variable of the continuous transfer function of the filter; z is the complex 
variable of the discrete transfer function of the filter. 
 

The analysis of quality indicators showed that the digital HPFs, tuned to cutoff 
frequencies of 100 and 250 kHz, are stable, with a gain coefficient of 0.7 at the cutoff 
frequencies. The pole roots and zero roots of the calculated filters are localized at the pole loci 
p1,2 = 0.968 ± 0.0308i for fc = 100 kHz and p1,2 = 0.912 ± 0.080i for fc = 250 kHz, as well as at 
the zero loci at z = 0.999 ≈ 1. The analysis confirms the localization of the HPF transfer function 

Note: s is the complex variable of the continuous transfer function of the filter; z is the complex 
variable of the discrete transfer function of the filter.

The analysis of quality indicators showed that the digital HPFs, tuned to cutoff 
frequencies of 100 and 250 kHz, are stable, with a gain coefficient of 0.7 at the cutoff 
frequencies. The pole roots and zero roots of the calculated filters are localized at 
the pole loci p1,2 = 0.968 ± 0.0308i for fc = 100 kHz and p1,2 = 0.912 ± 0.080i for 
fc = 250 kHz, as well as at the zero loci at z = 0.999 ≈ 1. The analysis confirms the 
localization of the HPF transfer function roots within the unit circle, specifically 
on the right side of the complex z-plane, and the filters are considered stable for 
performing cascade filtering of real AE signals.

The cascade bidirectional filtering was implemented in the MatLab software 
version R2017b according to the block diagram presented in Fig. 5.
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Fig. 5. Block diagram of processing for extracting AE signals from pore formation and crack 
formation. 

 
According to the developed block diagram, during bidirectional filtering, the input 

sequence of noisy AE signals i is processed by filters z1i[q] and z2i[q] of the first and second 
sequences in the forward direction. Then, using the time inversion block (TI), the order of 
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the AE parameter characteristics. The separation of AE signals into s1i[q] and s2i[q] also allows 
for a quantitative assessment of the ratio of these informative signals to the noise ξi[q], similar to 
the signal-to-noise ratio (SNR) described in (Rastegaev, 2018). The calculated indicators 
characterize the improvement in signal processing quality at the output of each cascade filter 
sequence. The result of the SNR evaluation is shown in Fig. 6 as a Tukey diagram, illustrating 
the increased effectiveness of AE signal processing. 
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According to the developed block diagram, during bidirectional filtering, the 
input sequence of noisy AE signals i is processed by filters z1i[q] and z2i[q] of the 
first and second sequences in the forward direction. Then, using the time inversion 
block (TI), the order of samples w1i[q] and w2i[q] of the filtered signals is reversed. 
The resulting AE signal samples i are processed in the reverse direction v1i[q] and 
v2i[q] using W1(z) and W2(z), and the final time inversion at the output of the TI 
block reverses the order of the samples again. At the TI block output, the distortions 
introduced by the filters mutually compensate, forming the corresponding signals.

The introduction of the «adder-subtractor» block ensures the formation of 
defect-specific signals, for example, the signal s1i[q] characterizes the process 
of pore formation, while s2i[q] corresponds to crack formation. The signals ξi[q] 
represent only high-frequency noise affecting the AE parameter characteristics. 
The separation of AE signals into s1i[q] and s2i[q] also allows for a quantitative 
assessment of the ratio of these informative signals to the noise ξi[q], similar to 
the signal-to-noise ratio (SNR) described in (Rastegaev, 2018). The calculated 
indicators characterize the improvement in signal processing quality at the output 
of each cascade filter sequence. The result of the SNR evaluation is shown in Fig. 6 
as a Tukey diagram, illustrating the increased effectiveness of AE signal processing.
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indicator values at the output of each HPF is confirmed by T-test statistics (Table 2; M — 
mathematical expectation, SD — standard deviation, p — statistical significance coefficient), 
where AE control data from defects are presented as groups (first and second sequence). 
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5 -5,949±3,808 0,938±3,168 0,001 

Note: 
M – mathematical expectation, STD – standard deviation. 
The indicators are statistically significant at p < 0.1. 
 

The mean SNR value for each sample, calculated at the output of the first sequence of 
cascade filters, is statistically significantly different from the mean SNR value of the second 
sequence. It should be noted that the negative SNR indicator at the output of the first sequence of 
cascade filters is due to the lower amplitude of the isolated AE signal compared to the amplitude 
of the noise. 

As noted in (Rastegaev, 2018), a negative or low value of the indicator, characterizing 
noise suppression at the output of the cascade filters for low-amplitude signals of complex form 
and structure, is explained by the fact that the amplitude of the measured AE signals (Makhutov, 
2020) is lower than the amplitude of the noise (Tempelman, 2022). This also confirms the 
validity of the assessment of this indicator. 

The distinguishability of the maximum amplitude values of AE signals obtained from 
pores and cracks is clearly visible in Fig. 7 (a–d — Sample № 1; e–k — № 5). The analysis 
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Discussion of the results. 
The results of cascade filtering showed that the average SNR value at the HPF 

output increases, confirming the distinguishability of this indicator’s values and the 
improvement in signal processing efficiency. At the same time, the distinguishability 
of the experimental SNR indicator values at the output of each HPF is confirmed by 
T-test statistics (Table 2; M — mathematical expectation, SD — standard deviation, 
p — statistical significance coefficient), where AE control data from defects are 
presented as groups (first and second sequence).

Table 2. Difference in the OSP indicator values at the output of each sequence in the filter cascade
Sample, № First sequence M±STD, dB. Second sequence M±STD, dB. р - value

1 -4,957±3,779 1,335±1,519 0,034
2 -5,267±3,222 1,298±1,574 0,015
3 -5,093±2,699 1,593±1,058 0,013
4 -3,959±2,396 1,119±1,518 0,007
5 -5,949±3,808 0,938±3,168 0,001

Note:
M – mathematical expectation, STD – standard deviation.
The indicators are statistically significant at p < 0.1.

The mean SNR value for each sample, calculated at the output of the first 
sequence of cascade filters, is statistically significantly different from the mean SNR 
value of the second sequence. It should be noted that the negative SNR indicator at 
the output of the first sequence of cascade filters is due to the lower amplitude of 
the isolated AE signal compared to the amplitude of the noise.

As noted in (Rastegaev, 2018), a negative or low value of the indicator, 
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characterizing noise suppression at the output of the cascade filters for low-
amplitude signals of complex form and structure, is explained by the fact that the 
amplitude of the measured AE signals (Makhutov, 2020) is lower than the amplitude 
of the noise (Tempelman, 2022). This also confirms the validity of the assessment 
of this indicator.

The distinguishability of the maximum amplitude values of AE signals obtained 
from pores and cracks is clearly visible in Fig. 7 (a–d — Sample № 1; e–k — № 
5). The analysis results showed that AE signals from pores (Fig. 7, b and f) and 
cracks (Fig. 7, c and j) differ in form and characteristics from each other, as well as 
from the noisy signal (Fig. 7, a and e). At the same time, the maximum amplitude 
of the signals in Sample № 5 is significantly higher than in Sample № 1. The AE 
signal shape for all samples is similar to the form of the discrete acoustic emission 
signal, while the shape of the isolated noise signal (Fig. 7, d and k) contains a 
mixture of acoustic and continuous noise, which is due to the movement of the 
robotic manipulator and the effect of laser radiation power at various DLG stages, 
consistent with the results in (Frolov, 2015).

The analysis of the frequency-time characteristics of the signals shown in Fig. 
8 (a–d — Sample № 1; e–k - № 5) demonstrated that at the output of digital filters, 
AE signals from pore formation (Fig. 8, c and j) and crack formation (Fig. 8, e and 
k) are identified, where their informative component (Fig. 8, a and d) is ‘masked’ 
by noise.

The wavelet scalogram of informative AE signals from pores and cracks (Fig. 8, 
b and f, as well as c and j) differs from the wavelet scalogram of the original signal, 
as filtering increases processing efficiency. It is worth noting that the frequency-
time domains in the noise signal diagrams (Fig. 8, a and d, as well as e and k) 
coincide. This confirms the correctness of all filtering procedures implemented 
within the developed cascade bidirectional filtering scheme.
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Fig. 7. Amplitude-time characteristic of AE signals: 

a) – d) sample №1; e) – k) sample №5. 
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Fig. 7. Amplitude-time characteristic of AE signals:
a) – d) sample №1; e) – k) sample №5.
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d)      k) 

Fig. 8. Time-frequency characteristic of AE signals: a) – d) sample №1; e) – k) sample 
№5. 

 
Stage 2. At this stage, it was revealed that an increase in DLG laser power in the tested 

samples leads to a rise in the number of pores and cracks, significantly affecting the AE 
parameters. This influence is clearly visible in Figures 9 and 10 (a — before processing; b — AE 
from pore formation; c — AE from crack formation), where the maximum AE amplitude for 
Sample № 5 (Fig. 10) is considerably higher than for Sample № 1 (Fig. 9). This also 
demonstrates the distinguishability of AE amplitude when compared with the pre-filtering results 
(Table 3). 
 
Table 3. Amplitude AE characteristics by channels 

Sample Before processing 
M±STD, mV 

Pore formation 
M±STD, mV 

Crack formation 
M±STD, mV 

Interference 
M±STD, mV 

1 2402,000±1217,335 
p = 0,029* 

632,068±467,251 
p = 0,073* 

418,181±292,325 
p = 0,064* 

155,288±695,665 
p = 0,020* 

p = 0,019** p = 0,024** p = 0,048** 
2 1712,500±706,873 

p = 0,016* 
467,817±132,935 

p = 0,005* 
422,652±93,120 

p = 0,002* 
993,767±453,865 

p = 0,022* 
p = 0,024** p = 0,026** p = 0,011** 

3 2000,750±794,011 
p = 0,015* 

492,749±216,329 
p = 0,019* 

428,969±504,904 
p = 0,013* 

106,367±440,299 
p = 0,016* 

p = 0,013** p = 0,015** p = 0,013** 
4 2205,750±995,030 

p = 0,021* 
600,711±101,621 

p = 0,001* 
504,904±116,576 

p = 0,003* 
131,271±586,070 

p = 0,020* 
p = 0,045** p = 0,046** p = 0,022** 

5 2433,500±1492,962 
p = 0,047* 

872,869±914,056 
p = 0,012* 

646,229±688,105 
p = 0,015* 

164,222±107,397 
p = 0,055* 

p = 0,032** p = 0,036** p = 0,032** 
Note. 
* - difference in the average amplitude values between channels, 
** - difference in amplitude before and after the implementation of the filtering method. 
 

	 d)						      k)
Fig. 8. Time-frequency characteristic of AE signals: a) – d) sample №1; e) – k) sample №5.
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Stage 2. At this stage, it was revealed that an increase in DLG laser power in 
the tested samples leads to a rise in the number of pores and cracks, significantly 
affecting the AE parameters. This influence is clearly visible in Figures 9 and 10 (a 
— before processing; b — AE from pore formation; c — AE from crack formation), 
where the maximum AE amplitude for Sample № 5 (Fig. 10) is considerably higher 
than for Sample № 1 (Fig. 9). This also demonstrates the distinguishability of AE 
amplitude when compared with the pre-filtering results (Table 3).

Table 3. Amplitude AE characteristics by channels
Sample Before processing

M±STD, mV
Pore formation

M±STD, mV
Crack formation

M±STD, mV
Interference
M±STD, mV

1 2402,000±1217,335
p = 0,029*

632,068±467,251
p = 0,073*

418,181±292,325
p = 0,064*

155,288±695,665
p = 0,020*

p = 0,019** p = 0,024** p = 0,048**
2 1712,500±706,873

p = 0,016*
467,817±132,935

p = 0,005*
422,652±93,120

p = 0,002*
993,767±453,865

p = 0,022*
p = 0,024** p = 0,026** p = 0,011**

3 2000,750±794,011
p = 0,015*

492,749±216,329
p = 0,019*

428,969±504,904
p = 0,013*

106,367±440,299
p = 0,016*

p = 0,013** p = 0,015** p = 0,013**
4 2205,750±995,030

p = 0,021*
600,711±101,621

p = 0,001*
504,904±116,576

p = 0,003*
131,271±586,070

p = 0,020*
p = 0,045** p = 0,046** p = 0,022**

5 2433,500±1492,962
p = 0,047*

872,869±914,056
p = 0,012*

646,229±688,105
p = 0,015*

164,222±107,397
p = 0,055*

p = 0,032** p = 0,036** p = 0,032**

Note.
* - difference in the average amplitude values between channels,
** - difference in amplitude before and after the implementation of the filtering method.
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Fig. 9. Changes in AE amplitude over time. Sample №1: 

a) before processing; b) AE from pore formation. 
 

 
a) 

 
b) 

Fig. 10. Changes in AE amplitude over time. Sample №5: 
a) before processing; b) AE from pore formation. 

 
From Table 3, it is evident that the mean value of the measured AE signals for each 

channel during the control of each sample statistically significantly differs from the mean value 
of signals in other groups. The difference in the mean values of noisy and filtered signals is due 
to the high efficiency of the digital filtering method. Table 3 also shows that the AE amplitude 
increases from sample to sample, which is attributed to the restructuring of the internal material 
structure. Consequently, the discrete AE signal characterizes the crystallization process of the 
EP648 alloy under the influence of laser radiation power at various DLG stages. 

It is known (Rastegaev, 2018) that the presence of defects in the crystal lattice (CL) or the 
destruction of internal structural bonds in products causes irreversible displacements of adjacent 
CL bonds. Moreover, the strength and stability of structural bonds in the CL largely depend on 
the nature of the defects (Tempelman, 2022). At the same time, the presence of defects in the CL 
of products may not be the sole factor affecting the AE signal characteristics. The amplitude of 
discrete AE may also be significantly influenced by the nitrogen impurity content in the 
spherical EP648 powder, with a close relationship between these parameters allowing the 
identification of defect formation causes in the produced products. 

Fig. 9. Changes in AE amplitude over time. Sample №1: 
a) before processing; b) AE from pore formation.
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Fig. 10. Changes in AE amplitude over time. Sample №5: 
a) before processing; b) AE from pore formation. 

 
From Table 3, it is evident that the mean value of the measured AE signals for each 

channel during the control of each sample statistically significantly differs from the mean value 
of signals in other groups. The difference in the mean values of noisy and filtered signals is due 
to the high efficiency of the digital filtering method. Table 3 also shows that the AE amplitude 
increases from sample to sample, which is attributed to the restructuring of the internal material 
structure. Consequently, the discrete AE signal characterizes the crystallization process of the 
EP648 alloy under the influence of laser radiation power at various DLG stages. 

It is known (Rastegaev, 2018) that the presence of defects in the crystal lattice (CL) or the 
destruction of internal structural bonds in products causes irreversible displacements of adjacent 
CL bonds. Moreover, the strength and stability of structural bonds in the CL largely depend on 
the nature of the defects (Tempelman, 2022). At the same time, the presence of defects in the CL 
of products may not be the sole factor affecting the AE signal characteristics. The amplitude of 
discrete AE may also be significantly influenced by the nitrogen impurity content in the 
spherical EP648 powder, with a close relationship between these parameters allowing the 
identification of defect formation causes in the produced products. 

Fig. 10. Changes in AE amplitude over time. Sample №5:
a) before processing; b) AE from pore formation.

From Table 3, it is evident that the mean value of the measured AE signals for 
each channel during the control of each sample statistically significantly differs 
from the mean value of signals in other groups. The difference in the mean values of 
noisy and filtered signals is due to the high efficiency of the digital filtering method. 
Table 3 also shows that the AE amplitude increases from sample to sample, which 
is attributed to the restructuring of the internal material structure. Consequently, 
the discrete AE signal characterizes the crystallization process of the EP648 alloy 
under the influence of laser radiation power at various DLG stages.

It is known (Rastegaev, 2018) that the presence of defects in the crystal lattice 
(CL) or the destruction of internal structural bonds in products causes irreversible 
displacements of adjacent CL bonds. Moreover, the strength and stability of 
structural bonds in the CL largely depend on the nature of the defects (Tempelman, 
2022). At the same time, the presence of defects in the CL of products may not be 
the sole factor affecting the AE signal characteristics. The amplitude of discrete 
AE may also be significantly influenced by the nitrogen impurity content in the 
spherical EP648 powder, with a close relationship between these parameters 
allowing the identification of defect formation causes in the produced products.

Assessment of DLG factors influencing defect formation. A significant impact on 
the quality of manufactured products is exerted by laser radiation power (Fig. 11, b) 
and the percentage of nitrogen N in the EP648 powder (Fig. 11, a).
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quality of manufactured products is exerted by laser radiation power (Fig. 11, b) and the 
percentage of nitrogen N in the EP648 powder (Fig. 11, a). 

  

 
   

a)     b) 
Fig. 11. Graphs of the dependence of the discrete AE amplitude on: a) nitrogen content 

percentage; b) laser power 
 

The nature of the graphical dependencies shown in Fig. 11 and the results of the 
correlation-regression analysis presented in Table 4 indicate that the percentage of nitrogen 
content and laser radiation power have a statistically significant effect on the amplitude of 
discrete AE. 
 

Table 4. Results of correlation-regression analysis 
Factor Association Conclusion 

Laser power Before processing: 
r=0,292, R2=0,085, p=0,632 

 
 
 

Affects 76% 
After processing: 
r=0,874, R2=0,765, p=0,052 
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Before processing: 
r= - 0,579, R2=0,335, p=0,606 

 
 
 

Affects 99 % 
After processing: 
r=0,995, R2=0,990, p=0,062 

 
The results of the correlation-regression analysis (see Table 4) also indicate that before 

applying the developed cascade processing scheme, the presence of noise resulted in a weak and 
negative statistically insignificant correlation, which increased two to three times after filtering. 

The correlation and statistical significance coefficients between laser radiation power and 
discrete AE amplitude were r = 0.874 at p = 0.052, and between the percentage of nitrogen 
content and discrete AE amplitude — r = 0.995 at p = 0.062. Comparing these data with the 
dependencies shown in Fig. 11, it can be concluded that an increase in nitrogen content in the 
EP648 powder and laser radiation power at various DLG stages leads to a rise in the discrete AE 
amplitude, characterizing the defect formation process. The correlation coefficient between the 
predictor and the dependent variable exceeded 0.8, which, according to Chaddock's scale, is 
considered a very high and non-random relationship, since p < 0.1. 

In this study, a correlation analysis was also conducted between the amplitude of discrete 
AE caused by pore formation, crack formation, and noise. The results showed a non-random, 
high correlation between the AE amplitudes during pore formation and crack formation, with r = 
0.896, R² = 0.804, and p = 0.039. The presence of this relationship characterizes structural 
transformations in the sample material. 

	 a)					     b)
Fig. 11. Graphs of the dependence of the discrete AE amplitude on: a) nitrogen content percentage; 

b) laser power

The nature of the graphical dependencies shown in Fig. 11 and the results of the 
correlation-regression analysis presented in Table 4 indicate that the percentage of 
nitrogen content and laser radiation power have a statistically significant effect on 
the amplitude of discrete AE.

Table 4. Results of correlation-regression analysis
Factor Association Conclusion

Laser power Before processing:
r=0,292, R2=0,085, p=0,632

Affects 76%
After processing:
r=0,874, R2=0,765, p=0,052

Nitrogen content 
percentage

Before processing:
r= - 0,579, R2=0,335, p=0,606

Affects 99 %
After processing:
r=0,995, R2=0,990, p=0,062

The results of the correlation-regression analysis (see Table 4) also indicate 
that before applying the developed cascade processing scheme, the presence of 
noise resulted in a weak and negative statistically insignificant correlation, which 
increased two to three times after filtering.

The correlation and statistical significance coefficients between laser radiation 
power and discrete AE amplitude were r = 0.874 at p = 0.052, and between the 
percentage of nitrogen content and discrete AE amplitude — r = 0.995 at p = 0.062. 
Comparing these data with the dependencies shown in Fig. 11, it can be concluded 
that an increase in nitrogen content in the EP648 powder and laser radiation power 
at various DLG stages leads to a rise in the discrete AE amplitude, characterizing 
the defect formation process. The correlation coefficient between the predictor and 
the dependent variable exceeded 0.8, which, according to Chaddock’s scale, is 
considered a very high and non-random relationship, since p < 0.1.

In this study, a correlation analysis was also conducted between the amplitude 
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of discrete AE caused by pore formation, crack formation, and noise. The results 
showed a non-random, high correlation between the AE amplitudes during pore 
formation and crack formation, with r = 0.896, R² = 0.804, and p = 0.039. The 
presence of this relationship characterizes structural transformations in the sample 
material.

It is important to highlight the absence of a clear, statistically insignificant 
relationship between the amplitudes of discrete AE caused by defects and the 
influence of noise. As noted in (Frolov A.V., 2015), AE transducers in the 250–400 
kHz range show resonant frequencies stemming from a dominant frequency of 160 
kHz, caused by noise arising from the movement of the robotic manipulator in the 
DLG setup. The lack of a strong relationship, with r = 0.211 (for pore formation) 
at p = 0.435 and r = 0.103 (for crack formation) at p = 0.597 between discrete AE 
amplitude and noise, supports the conclusion that the frequency components of 
informative discrete AE signals differ from those of noise components, indicating 
that the processes are not correlated.

The correlation relationship affecting the amplitude of discrete AE from defects 
is described by the linear regression model equations (P — power, N — percentage 
of nitrogen content):

- for laser power: U = 0.269P + 161.179 with r = 0.874, R² = 0.765, p = 0.052;
- for nitrogen content: U = 5394N + 170.072 with r = 0.995, R² = 0.990, p = 

0.062.
The result of the regression analysis suggests that an increase in laser power by 

1 W is expected to raise the amplitude by 0.269 mV. Consequently, an increase in 
nitrogen content by 1% is projected to increase the discrete AE amplitude by 5.394 
V. Metallographic analysis of microsections of the produced samples confirmed the 
influence of these factors on the formation of cracks and pores. Figure 12 presents 
images obtained from the metallographic analysis of microsections of samples № 
1 (a) and № 5 (b).
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The presence of cracks is clearly visible in the microsection of Sample No. 5, which was 
grown at P = 1600 W. Furthermore, the presence of voids in the microsections confirms the 
formation of pores caused by the particle morphology (50 µm) of the spherical EP648 powder. 
The influence of alloy powder particle size on pore formation has been confirmed in previous 
studies (Kaplan, 2018). 

Conclusion.  
This article presents the results of acoustic emission (AE) monitoring of defect formation 

in samples produced using the DLG method. To process AE control data, a cascade filtering 
method is proposed. The results of method validation showed that: 

— the signal-to-noise ratio (SNR) value after filtering averages above 1.5 dB, 
characterizing the stability of AE signals against noise interference; 

 — a threefold increase in the correlation coefficient between laser radiation power and 
discrete AE amplitude, as well as between nitrogen content and discrete AE amplitude after 
filtering, highlights the effectiveness of the processing method; 

 — laser radiation power and the percentage of nitrogen in the initial powder material 
influence the defect formation process. 
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The presence of cracks is clearly visible in the microsection of Sample No. 
5, which was grown at P = 1600 W. Furthermore, the presence of voids in the 
microsections confirms the formation of pores caused by the particle morphology 
(50 µm) of the spherical EP648 powder. The influence of alloy powder particle size 
on pore formation has been confirmed in previous studies (Kaplan, 2018).

Conclusion. 
This article presents the results of acoustic emission (AE) monitoring of defect 

formation in samples produced using the DLG method. To process AE control data, 
a cascade filtering method is proposed. The results of method validation showed 
that:

— the signal-to-noise ratio (SNR) value after filtering averages above 1.5 dB, 
characterizing the stability of AE signals against noise interference;

 — a threefold increase in the correlation coefficient between laser radiation 
power and discrete AE amplitude, as well as between nitrogen content and discrete 
AE amplitude after filtering, highlights the effectiveness of the processing method;

 — laser radiation power and the percentage of nitrogen in the initial powder 
material influence the defect formation process.
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