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ABSTRACT

Inconel 625 to 16Mo3 base material welds are used in energy industry in waste incineration
plants to increase lifetime of membrane walls. The welds are formed using MIG-CMT method.
Macrostructure and microstructure analyses were carried out using Apreo 2 SEM microscope,
and chemical composition analysis of welds was also carried out using iSpark OES
spectrometer. Finally, analyses of selected mechanical properties, namely microhardness and
ductility, were performed.

Key words

Inconel 625, mebrane walls, CMT, welding, microstructure, OES, SEM, microhardness,
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ABSTRAKT

Navary z materialu Inconel 625 na zakladni material 16Mo3 slouzi v energetickém primyslu u spaloven
odpadu pro zvySeni zivotnosti membranovych stén. Navarové housenky jsou vytvoreny pomoci metody
MIG-CMT. Byly provedeny analyzy makrostruktury a mikrostruktury za pouziti SEM mikroskopu
Apreo 2, dale byla provedena analyza chemické slozeni navarové housenky za pouziti OES
spektrometru ISpark. Nakonec byly provedeny analyzy vybranych mechanickych vlastnosti, konkrétné
mikrotvrdost a taznost.

Klicova slova

Inconel 625, membranové stény, CMT, navafovani, mikrostruktura, OES, SEM, mikrotvrdost,
taznost
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ROZSIRENY ABSTRAKT

Tvorba odpadu patfi k lidské existenci od nepaméti. Jiz vypalovani hliny do forem, ve které se
v pravéku tvorily keramické nadoby, mélo prvni dopad na ptirodu, jelikoz keramickeé strepy se
v archeologickych vykopavkach stale nachdzeji. S postupem Casu a pokroku pfislo lidstvo na
to, jak zpracovavat jednotlivé kovy, mezi které patii méd’ a zelezo. V prub¢hu staleti se lidé
naucili upravovat materialy do formy slitin, jako je bronz nebo ocel. Tyto materialy se v piirode
nevyskytuji a doslo tak k dalsi kontaminaci piidy pomoci kovi. Mezi materialy, které vydrzi v
ptirodé nejdéle, patii sklo. Sklo se pouziva jiz dlouha tisicileti a je velmi inertni vic¢i vlivim,
jez by ostatni materialy dokazaly rozlozit. S pokrokem dokazalo lidstvo vytvofit sklo za pomoci
chemickych latek, které jesté prodluzuji zivotnost skelného materialu. Mezi nejvétsi objevy v
materidlovém odvétvi patii objev vyroby a zpracovani plasti. Jedna se o relativné novy
material, prvni plast byl vyroben v roce 1907. Plasty jsou v dnes$ni dobé hojné vyuzivany ve
vSech odvétvich primyslu. Jejich vyroba je levna, rychla a relativné jednoduchad, proto plast
patii k nejvice vyuzivanym materialim na svéteé. Dopad na Zivotni prostiedi ma vSak enormni,
a to z diivodu jeho slozité rozlozitelnosti jak v pid¢, tak ve vod€. V dnesni dobé pokracuje
vyvoj novych plastl, které mohou byt degradabilni v pfirodnim prostiedi, ale drtiva vétsina
objemu plastu, jenZ je produkovan, velmi zneciSt'uje nasi planetu. Mezi nové odvétvi, které
zne€iStuje nasi planetu, spada elektronicky primysl. Elektronické zafizeni obsahuje velké
mnozstvi riznych kovt a plasti, jez jsou té¢zko rozlozitelné. Dale jsou pouzivané nebezpecné
latky jako je rtut’ nebo kadmium, které mohou zptisobit znecisténi zivotniho prostiedi. Odpad,
ktery lidstvo produkuje od svého vzniku, je biologicky odpad ve formé odpadkd vzniklych
z potravin nebo vylucovani.

V dnesni dobé se naklada s odpadem riznymi zplisoby. Ve vyspélych zemich, jako je naptiklad
Némecko nebo Dansko, se ve velké mite spaluje odpad ve spalovnach a vzniklé teplo se vyuziva
pro tvorbu elektrické energie. Ceska republika patii mezi skupinu zemi, které odpad ukladaji
na skladkach a spaluji v pfiblizném poméru ptl na ptl. V posledni fadé jsou zde staty, jako je
naptiklad Malta, ktera veskery odpad uklada do zemnich skladek.

Spalovani odpadu neni omezeno pouze na komunalni odpad, ale zahrnuje i primyslovy a
zdravotnicky odpad a odpad z Cistiren odpadnich vod. Spalovani odpadu pfi nizkych teplotach
se provadi u bézného komunalniho odpadu, zatimco nebezpecny odpad se spaluje pfi velmi
vysokych teplotach, Casto v cementarenskych pecich. Tento proces je dulezity z hlediska
udrzitelnosti, protoze umoziuje vyuziti odpadu jako zdroje energie a snizeni potieby fosilnich
paliv. Provoz spalovacich zafizeni muze byt problematicky kvili rozmanitosti odpadu a
agresivnimu sloZeni spalin. Pro tento ucel se pouzivaji kotle s membranovymi sténami, jez jsou
schopné vyrabét paru pro turbiny. Prodlouzeni zivotnosti membranovych stén mulze byt
realizovano pouzitim korozivzdornych a zaruvzdornych oceli. Dale miize byt Zivotnost
prodlouzena pouzitim navaienych niklovych slitin.

Technologie navatovani je modifikaci technologie svafovani. V ptipadé této technologie
dochazi k nanaseni ptidavného materialu na material zakladni. Dé&je se tak z n¢kolika divodu.
At uz to je zdivodu zvySeni zivotnosti souCastky z hlediska korozni odolnosti, zarové
odolnosti nebo kvili zvyseni odolnosti vii¢i mechanickému opotfebeni. Nejcastéji se nanaseji
materialy s vyrazné odlisnym chemickym slozenim nebo mechanickymi vlastnostmi. Casto
pouzivané jsou materialy na bazi nezeleznych kovi, jako naptiklad chrom, nikl nebo molybden.
Tyto materialy se pouzivaji ve formé superslitin.
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Zakladnim pozadavkem je minimalni promiseni obou materialli, a tim dochazi k zamezeni
degradace navarového materialu. Mezi technologie, které se pouZzivaji pro vytvoreni téchto
navard, patii progresivni metoda MIG-CMT. Tato metoda oproti klasické metodé MIG pouziva
modifikaci s ndzvem cold-metal-transfer. Tato modifikace svafovani tavici se elektrodou
v ochranné atmosfére kombinuje horkou fazi hoteni oblouku, kdy se tavi drat i ZM se studenou
casti procesu, kdy se pfi kontaktu natavené¢ho dratu s tavnou lazni snizuje intenzita proudu
a drat se vraci do hubice. Tim je podpotfeno odd¢leni kapky bez rozstiiku a s nizkou hodnotou
vnesené¢ho tepla do svaru. Cely proces je fizen digitdln¢ a zpétny pohyb dratu probiha
s frekvenci az 130 Hz. Rozdil mezi technologiemi je v moznosti ovliviiovani zifedéni.
Cely proces navafovani je fizen za pomoci zdroje, jenz je schopen vSechny pozadavky, které
jsou pozadovany pro spravné navareni, splnit. Zdroje od firmy Fronius obsahuji software
schopny nastavit vSechny potfebné parametry, jichz mohou byt az desitky, takze dojde
k minimalizaci nataveni zakladniho materidlu. Dulezity je kontaktni uhel mezi zékladnim
materidlem a navarem. Pii vypouklém tvaru je navar vysoky, coz muze byt ptihodné
pro zajisténi velké tloustky ochranného navaru. Pro rovnomérné navazani svarovych housenek
je zapotiebi kontaktni uhel alesponn 115°. Pokud je thel mensi, tak neni redlné vytvofit
homogenni celistvy navar, jelikoZz je vytvareny navar piili$ vysoky.

Spalovani komunalniho odpadu tvoii béhem procesu spalovani velké mnozstvi riznorodych
prvkd. Interakce navarové slitiny Inconel 625 s prvky, které jsou tvofeny béhem procesu
spalovani, je umocnéna vysokymi spalovacimi teplotami, které mohou dosahovat hodnot
az 600° C. Takto agresivni prostfedi degraduje materialy vysokou rychlosti. Inconel 625 patti
k superslitinam, které jsou pro takové prostfedi vhodné. Procesem navarovani dochazi
k teplotnimu ovlivnéni jak ndvarové vrstvy, tak zakladniho materidlu. Navarova vrstva
je dvouvrstva. Tento zptsob je zvolen proto, ze zdkladnim parametrem, ktery je hodnocen
z hlediska pouZitelnosti ve spalovacich kotlich, je ziedéni navarové vrstvy Zelezem. Zelezo ma
vysokou afinitu k prvkim, jako je sira, fosfor, chlor a dalsim prvkim, které jsou tvoieny béhem
spalovani odpadu. Hranice dostate¢ného ziedéni povrchu zelezem se udava hodnotou 5 %. Toto
ziedéni je dano svafovacimi parametry, jez jsou mezi sebou jednotlivé provazany. Hlavnim
parametrem je velikost tepeln¢ ovlivnéné oblasti. Hloubka této oblasti je fizena svafovacim
proudem, dale rozkyvem, svatovaci rychlosti a také chlazenim. Chlazeni je v tomto piipadée
feSeno tak, ze cely proces navafovani probihd jiz na membranovych sténach, které jsou
pfipojeny na vodni okruh.

Vyzkum v diplomové praci je zaméfen na analyzu dvou typl vzorkd navarového materialu
Inconel 625. Jednotlivé vzorky byly navafeny na zékladni material 16Mo3. Navafovani
probéhlo na robotickém pracoviiti ve firmé Smeral s.r.o., kde byl simulovan realny proces
navafovani na robotickém pracovisti opatfeny manipulacnim zafizenim, chladicim okruhem
a samotnym svafovacim zdrojem od firmy Fronius. Vzorky se od sebe navzajem lisi parametry
navafovani. Jednotlivé parametry navatovani nebudou zvefejnéné z divodu know-how
vyvijené technologie na VUT FSI.

Zakladnim parametrem, jimz byly jednotlivé vzorky od sebe odliseny, byly zminéné parametry
a také zfedéni povrchu zelezem. Tato rychld chemickd analyza byla provedena piimo na
pracovisti kratkou chvili po navafovani pfenosnym spektrometrem od znacky Thermo
Scientific Niton™ XI.3t XRF. Toto zafizeni je velmi efektivni pro rychlou analyzu pfimo na
pracovisti nebo kdekoliv v terénu. Bylo zjisténo, Ze jednotlivé navary se pohybuji s obsahem
zeleza okolo 1 % a 5 %. JelikoZ je zfedéni navarové vrstvy Zelezem velmi dilezita ¢ast vyzkumu
a vyvoje vyroby ochrannych navarovych vrstev, bylo znabitych znalosti rozhodnuto,
ze chemické slozeni bude ovéteno na laboratornim spektrometru od firmy Thermo Fisher ARL
iSpark. Tento typ spektrometru byl zvolen z diivodu zpasobu analyzy vzorkl, které jsou
dvouvrstvé a skladaji se z odlisSnych materidlli. Spektrometr pracuje na principu optické
spektralni analyzy, kterd je také vhodna pro vyhodnocovani povrchii vzorki. Vzorek byl
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upraven na brusce, kde byla odstranéna povrchova vrstva a vytvofena ploska pro utésnéni
prostoru pro méteni. Méfenim bylo vyhodnoceno, ze jednotlivé chemické obsahy se lisi od
obsah Zeleza. Prob¢hlo statistické vyhodnoceni, kde byly méteny 4 vzorky a na kazdém byla
provedena tfi méteni chemického slozeni. Ve vzorku, kde bylo ptivodné zméfeno 1 % zeleza
se nachazelo 2,76 % zeleza a ve vzorku, kde bylo naméteno 5 % ptrenosnym spektrometrem,
bylo v laboratornim prostfedi naméteno 4,79 % pomoci OES spektrometru.

Po ziskani informaci o chemickém slozeni jednotlivych vzorkli nasledovala analyza
makrostruktury a mikrostruktury. Analyza makrostruktury méla za cil vyhodnotit mnozstvi vad,
které vznikly ve spojeni s procesem navatovani, dale byla vyhodnocena velikost tepelné
ovlivnéné oblasti. Cela makrostrukturni analyza probéhla na digitalnim mikroskopu od firmy
Keyence, kde doslo k vytvoteni jednotlivych snimku. Byly zjistény vady ve formé port, které
jsou zpusobeny technologii navafovani a zvolenymi jednotlivymi parametry. Velikost tepelné
ovlivnéné oblasti dosahuje u vzorkll s obsahem Zeleza ve struktufe 1,37 mm a ve vzorcich
s obsahem zeleza 4,79 % je velikost TOO oblasti 1,38 mm. Analyza mikrostruktury probéhla
na skenovacim elektronovém mikroskopu Apreo 2 od firmy Thermo Fisher Scientific.
Z analyzy makrostruktury byly zjistény oblasti, na které se analyza mikrostruktury zamétovala.
Sledovala se mikrostruktura jak navarového, tak zakladniho materidlu, a samoziejmé vady
v materialu. Vady byly sledovany z dtivodu tvaru a potencialniho $ifeni béhem procesu uzivani.
Mikrostruktura Inconelu 625 méla dendritickou strukturu se specifickym protazenim
dendritickych zrn ve sméru odvodu tepla. Mikrostruktura oceli 16Mo3 v tepeln€ neovlivnéném
stavu je feriticko-perlitickd struktura. Tepelnym ovlivnénim svafovacim procesem
se v materidlu vytvofila na hranici mezi jednotlivymi materidly smésnd struktura, ktera je
tvofena martenzitem, bainitiem, zbytkovym austenitem. Byla sledovana postupnd zména
struktury materialu v zavislosti od vzdalenosti zdroje navarovani.

Soucasti analyz navarovych vrstev Inconelu 625 jsou mechanické zkousky. Jako prvni zkouska
byla zvolena dle predchozich analyz chemického slozeni, makro a mikrostruktury, zkouska
mikrotvrdosti. Mikrotvrdost byla vyhodnocena na dvou vzorcich rozdélenych dle chemického
sloZeni. Vzorky byly zatézovany vahou 100 g, jednotlivé vrypy jsou ve vzdalenosti 180 pum,
prodleva mezi méfenimi byla 10 s. Cela analyza byla vyhodnocena na pfistroji LECO AMHSS.
Vysledkem bylo vytvofeni map mikrotvrdosti, na kterych byly vyhodnoceny jednotlivé
maximalni, minimalni a primérné hodnoty tvrdosti jak zdkladniho materidlu, tak navarového
materialu. Jednotlivé hodnoty se od sebe prili§ nelisi, maximaln¢ v hodnotach jednotek HV.
V zavislosti na ziskanych informacich z méfeni mikrotvrdosti a parametrii navafovani mtizeme
vyhodnotit, Ze vzorky s vys§im obsahem zeleza v navarové struktufe dosahuji i vysSich
vnitinich napéti mezi jednotlivymi vrstvami navarovych vrstev.

Dalsi mechanickou zkouskou byla tahova zkouska. Primarnimi hodnotami, které bylo potteba
zjistit, byly hodnoty meze kluzu a meze pevnosti. Testovany byly vzorky zékladniho materidlu
oceli 16Mo3 a vzorky zadkladniho materialu 16Mo3 s navarem Inconelu 625. Vzorky byly
nafezany a piipraveny pro zkouSku tahem na plazmové fezaCce. Byly vyhodnocovany
od kazdého typu vzorku tfi pokusy. Méfeni probihalo na tahovém zatfizeni ZD40, které bylo
opatfeno softwarem TIR Atest, které zapisovalo a vyhodnocovalo jednotlivé parametry tahové
zkousky. ZkuSebni vzorky byly opatieny vrypy pro lokalizaci pfetrzeni jednotlivych material.
Z tohoto divodu byly relevantni vysledky meze kluzu a meze pevnosti a samotna taznost
materidlu nebyla vyhodnocovéana. Ze ziskanych hodnot byly vytvofeny tahové diagramy
pro zjisténi pribeht tahové zkousky. Priméma hodnota meze kluzu u oceli 16Mo3 dosahuje
hodnot 405 MPa a hodnota meze pevnosti 525 MPa. U vzorkl s ndvarovou vrstvou materialu
Inconel 625 dosahla primérma hodnota meze kluzu 497 MPa a hodnota meze pevnosti 654
MPa.
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Informace nabyté z teoretické ¢asti a jednotlivych analyz jsou vyuzity v dalsim vyzkumu
a vyvoji problematiky navafovani Inconelu 625. Hlavnim zaméfenim vyzkumné ¢asti prace
byla analyza navart vytvotenych za vyuziti parametrii navafovani ve forme synergii, jez jsou
doporuceny dodavatelem svatovacich zdrojii. Vysledky ziskané z analyzy chemického slozeni
poslouzily pro ovéfeni spravnosti pouziti jednotlivych svatovacich parametrl. Analyza
makrostruktury poslouzila pro zjisténi, zda pouzité parametry vytvaieji navar o dostatecné
kvalité. Dale bylo mozné zjistit mnozstvi a velikost vad a stanovit oblasti pro hodnoceni
materialové mikrostruktury. Ta byla hodnocena pfedevsim z toho diivodu, jak se dany material
chova pfi dvouvrstvém navarovani. Dilezitou informaci o mikrostruktufe navarované vrstvy
byla zména tvaru jednotlivych dendritickych zrm v zavislosti na navafovani a opakovaném
vystaveni materialu tepelnému G¢inku. V zakladnim materialu byla sledovana smésna struktura
a prechod do zidkladniho materialu, ktery byl bez tepelného ovlivnéni, kde se nachazela
feriticko-perliticka struktura. Byly sledovany také vady kvili zjisténi, v jaké formé se nachazeji
a zda maji vliv na snizeni zivotnosti navaru. Informace ziskané z analyz chemického slozeni
a mikrostruktury materialu byly pouzity ve zkouSce mikrotvrdosti. Byly vytvofeny mapy
mikrotvrdosti, kde bylo zjisténo, ze vzorek s vy$§im obsahem Zeleza ve struktute, a tedy i za
pouziti rozdilnych parametrl, dosahuje vétsiho vnitiniho napéti, které bylo zjiSténo vyssi
tvrdosti na hranici mezi jednotlivymi vrstvami Inconelu 625. Jednotlivé hodnoty mikrotvrdosti
se od sebe navzajem pfilis nelisily, §lo pouze o velikost a rozlozeni vnitiniho napéti v materialu.
Jako posledni zkouska byla zvolena tahova zkouska. Zde bylo za tkol zjistit velikost meze
kluzu a meze pevnosti zakladniho materialu a kombinace zakladniho materialu s navarem. Byly
vytvoteny tahové diagramy, ze kterych bylo hned zjevné, Ze vzorky s navarovou vrstvou
dosahovaly vyssich hodnot.

Na zakladné zjisténych udaji z teoretické reSerSe a analyz 1ze pokrocit ve vyvoji a vyzkumu
v problematice zvySovani korozni odolnosti membranovych stén pomoci navafovani materialu
Inconel 625. Informace budou vyuzity pro hodnoceni kvality jednotlivych navari z hlediska
pouziti svafovacich parametrii. Vysledky mohou byt pouzity v dal§im studovani materialové
problematiky Inconelu 625 v zavislosti na tepelnych procesech, jako je naptiklad zména
struktury v provozu, degradace materialu po Case v provozu nebo v dalSim vyzkumu
prodlouzeni zivotnosti membranovych stén spalovacich kotl, kde z hlediska budoucnosti
a ekologie je moznost velkého posunu vlivu na zivotnost materiali vyuzivanych v odvétvi
likvidace odpadu.
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INTRODUCTION

Nowadays there is a great emphasis on waste management. Waste has been managed in several
ways, the main ones being recycling, incineration and storage. In Czech Republic, there is still
a slightly increasing trend in the amount of produced waste. On average, the amount of waste
produced is above 300 kg per inhabitant per year. Incineration is a sensitive issue as it has been
found that municipal waste has a good calorific value. Incineration has been used to dispose of
approximately 20 % of the total volume of municipal waste. [1; 2]

Modern energy boilers are complex devices utilizing membrane wall systems. Water flows
through the walls of the boiler and is converted into more usable steam by heating. As waste
has been burned in the boiler, a very corrosive and erosive atmosphere has been created where
temperatures can reach up to 600 °C at the surface of membrane wall. Example of incineration
plant is shown in the figure 1. The incineration process causes heavy wear of the membrane
wall surface in the order of tenths of millimeters per year. To increase the lifetime of the
membrane wall and thus increase the productivity of the process, heat resistant steels are used.
To further increase the lifetime, methods of applying special materials to the membrane walls
are used, including the welding of nickel superalloys. [1; 2]

Fig. 1 Example of incineration plant [1]
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1 INTRODUCTION TO THE SOLVED PROBLEM

Waste generation occurs, for example, in households, cleaning, agriculture, construction,
but above all in all industries. There are several ways in which waste can be managed. The first
way is to recycle the material, then it is possible to use organic waste for composting. Waste
that cannot be recycled is used in energy industry to generate heat in form of incineration.
The last option, which people have been trying to avoid in recent years, is storage, because
of high environmental and health impact. There are currently more than 400 incineration plants
in the EU, treating more than 50 million tons of waste per year. The average calorific value
of municipal waste ranges from 7 to 11 Mj/kg. Detailed calorific values of each type of waste
material has been shown at table 1. [1; 2]

Table 1 Calorific value of waste components [1]

Type of waste Calorific value [MJ/kg]
Paper 15,7
Plastic 32,7
Polyethylene 434
Polystyrene 38,0
Polyvinyl chloride 22,5
Textile 18,3
Food 3,2
Trash 6,0
Wood 12,4
Glass 0,2

Municipal waste incineration in Europe accounts on average for 20 % of the total municipal
waste treatment. The amount of waste is increasing by 2 to 3 % per year. Up to 70 % of the
energy recovered from waste incineration is used in the form of heat energy and the remaining
30 % in the form of electricity. The efficiency of waste incineration is around 15 %. Sources
show that around 8.3 million tons of oil equivalent are saved annually in the EU by incinerating
waste. Although efficiency is lower than conventional clean fuel incineration processes, thermal
treatment of waste serves to gain energy outside the process itself. Therefore, waste incineration
can be considered to reduce the consumption of primary energy resources. Research
and development in energy industry foresees the invention of waste incinerators with
efficiencies of up to 30 %. The main issue is the composition of municipal waste. This varies
according to where the waste is produced, whether in family areas or industrial zones. Table 2
shows the number of chemical elements and their average content in the waste. [1; 2]

Table 2 Elemental composition of waste. [1]

Element ALY Element LY Element Ay
[Yowt] [m@ [m@
Carbon 18-40 Lead 100-2000 Cobalt 3-10
Hydrogen 1-5 Zinc 400-1400 Cadmium 1-15
Nitrogen 0.2-1.5 Copper 200-700 Mercury 1-15
Oxygen 15-22 Manganese 200-250 Arsen 2-5
Sulphur 0.1-0.5 Nickel 30-50 Selenium 0.2-1
Fluorine 0.01-0.035 | Chromium 40-200 Thalium <0.1
Chlorine 0.1-1 Vanadium 4-11 PBC 0.2-0.4
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1.1 Water walls of incineration plants

The use of water walls in incineration plants began to increase the incineration performance
and calorific value of boilers, while reducing heat loss and maintenance requirements. Another
advantage is that the flowing water reduces the amount of refractory material used, as the water
lowers the temperature of the walls. The water walls of the boilers can be responsible for
the reduction of air leakage into the boiler space, thus improving the overall efficiency of
the boilers. The diameters usually range from 30 to 70 mm. Several smaller diameter tubes have
a larger functional heat transfer area per unit length than a comparable wall of larger diameter
tubes. Another advantage is the possibility of using higher pressures at the same tube wall
thickness together with a larger heat transfer surface. From a manufacturing point of view, tubes
with thin walls are easier to manufacture and bend to the required shapes. Smaller tube
diameters also require less water in the entire system. Disadvantages include a small amount of
reserve water and control of the water level. Tubes are most made of low alloy steels, corrosion,
and heat resistant steels. There are four basic types of incineration boiler water walls. [3; 4]

Tube and tile is the oldest type of boiler wall construction. This design provides poor
maintenance and large heat losses. To maximize the efficiency of this design, spacing between
tubes must be minimized. Tube and tile has been shown in the figure 2. [3; 4]

Studded tube consists of tubes with many pins, which serve for better heat conduction and
especially for clamping the refractory material on the tubes as it has been shown in figure 3.
It has been used in the high temperature parts of the boiler. Still not the best design solution as
the flue gases can still permeate the structure and cause corrosion. [3; 4]

OUTER STEEL CASING
OUTER STEEL CASING
L l__ _L L_ T L ‘/_I: INSULATION BLOCKS ' | I | | | 5 RESENSRRES

METAL LATH PLASTIC INSULATION
PPN &;@ TOO
AOME PLASTIC OR NATURAL SLAG
Fig. 2 Tube and tile. [3] Fig. 3 Studded tube. [3]

Tangent tube has design solution that does not use refractory material on the inside of the boiler,
but only as thermal insulation on the outside as shown in figure 4. The disadvantage is the repair
in case of tangential wall failure because the tube must be completely removed. [3; 4]

Membrane walls are one of the best structural solutions because they do not transmit radiant
heat and guarantee gas tightness and high heat transfer. It has been shown in figure 5.
The overall construction of the walls consists only of welded tubes and membranes. It has been
manufactured in blocks of 6 x 1 meter by TIG, MIG/MAG or SAW technology. The insulation
layers are on the outside of the boiler. In practice, two types of membrane water walls are used.
The first type is an assembly welded together from tubes and membranes that are between
the tubes. The second type uses a different design of tubes that have a rolled fitting that
are welded together. The disadvantage lays in the case of repair. To increase durability, such
welding technologies are used where the resulting surface coating is more resistant to wear
mechanisms. These are mainly chromium spraying or nickel-based austenitic materials.
The welding process must have the lowest possible mixing and thermal influence. [3; 4]

LIGHT STEEL CASING
OUTER STEEL LAGGING

INSULATION BLOCK

. HEAVY STEEL CASING
; ﬁ- PLASTIC INSULATION E ! I ! i ; INSULATION BLOCK

Fig. 4 Tangent tube. [3] Fig. 5 Membrane wall. [3]
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1.2 Corrosion of membrane walls

In general, corrosion is regarded as an undesirable wear process. Corrosion is a very complex
process that brings several disciplines together such as chemistry, physics, metallurgy.
A suitable corrosion resistant material must have sufficient corrosion resistance. This is
determined by the corrosion lifetime, which determines the time when the metal is free from
serious failures and defects. Generally, the corrosion wear interval is reported to be between
0,1um and 0,lmm per year. Corrosion always and everywhere takes place. Zero corrosion
resistance is only theoretical under realistic conditions. Corrosion generally deteriorates
the mechanical and physical properties of the material. [5]

The incineration of municipal waste causes a lot of wear and tear on the boiler membrane walls.
The wear occurs due to high temperatures and aggressive chemical environment. The wear
is greater than in conventional boilers, since waste is burned which is very heterogeneous
in composition (plastic, paper, biomass, industrial waste). The atmosphere therefore contains
many chemical elements that are very reactive, such as sulfur, chlorine, phosphorus, and others.
For this reason, the lifetime of membrane walls is greatly reduced. Even though the wear is very
complex, thermal wear is the major contributor to the reduction in service life. Combined with
chemical wear, carbon and low alloy steels degrade very rapidly. Corrosion occurs, leading
to wall thinning, where the rate of thinning is in the range of 0,15-0,30 mm per year. The
resulting service life of the membrane walls is therefore 6 to 9 months. For membrane walls
of incineration boilers, corrosion is classified according to the corrosive environment, location
and range of damage, type of chemical reaction and physical conditions and appearance and
speed of appearance. [5; 6]

High temperature corrosion occurs at temperatures of 600 °C inside of the boilers. Figure 6
shown the high-temperature corrosion. Due to free chlorine content of the incineration process.
The free chlorine forms ferric chloride on the surface of the material. As oxygen
and sulfur are present in incineration process, the chlorine reacts with the oxygen and sulfur
which diffuse out of the flue gas. The oxide forms away from the pipe and prevents the
formation of a gas-tight protective iron oxide layer. Oxygen is consumed on the outer layers
of the wall, such as scale and deposits. This creates a reducing atmosphere on the corrosion
front, which then allows iron chloride to form on the pipe wall. The sulphation of the chlorides
contained in the ash deposit then contributes to a sufficiently chloride partial pressure on the
wall. Possible causes of high temperature corrosion are, for example, reducing conditions due
to imperfect incineration, high chlorine content in the fuel, insufficient cooling of the tubes
or high heat flux. High temperature corrosion range from 25-500 nm-h"!. [5; 6]

The corrosion resistance of the material depends on the passivation layer, which suppresses
anodic dissolution. The flue gas contains solid particles from elements that promote anodic
dissolution as they mechanically disrupt the passivation layer. Hydromechanics describes
the flow phenomena. Turbulent flow is known to cause higher corrosion-erosive effects than
laminar flow. The amount of damage increases with increasing flow velocity of the medium.
From Siemens AG research shows that the resistance to erosive corrosion of carbon and low-
alloy steels used to produce membrane walls is increased by the addition of chromium,
molybdenum and even copper. Also, chromium-rich coatings show greater resistance to erosive
corrosion than nickel coatings. In the case of membrane walls, the flue gas is the flow medium,
both in gaseous and solid state. As shown in figure 7 erosive corrosion has a
large- scale character. [5; 6; 7]
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Fig. 6 High temperature corrosion. [7] Fig. 7 Erosive corrosion. [6]

Pitting corrosion is divided into two stages. The first is the growth stage and this is dependent
on the concentration of halides and the more halides there are, the shorter the growth stage.
The second is the propagation stage, which is easier with higher concentration of halides
and oxides, elevated temperature, and low pH. In membrane walls, pitting corrosion is caused
by defects in the materials from which the membrane walls, pitting corrosion is caused
by defects in the materials which the membrane walls are made. Defects include material
inhomogeneity in the form of precipitates and chemical compounds and inclusions. Resistance
to pitting corrosion is increased by alloying with molybdenum, or by reducing the oxidation
capacity of the environment and increasing the amount of nitrate. Nickel superalloys are among
the materials resistant to pitting corrosion. From the point of view of the production technology,
the most important cause of pitting corrosion is a roughly machined surface or the presence
of scale. In general, pitting resistance is determined by calculating the PRE (pitting resistance
equivalent) value. The standard value is PRE 40. The calculation of PRE is described
in equation 1.1. When steel reaches this value, it is completely resistant to corrosion. Pitting has
been shown in the figure 8 and 9. [5; 8]

Equation 1 PRE number [8]:
PRE = Cr + 3,3(Mo + 0,5W) + 16N (1.1)

where: Cr — chromium [wt%]
Mo — molybdenium [wt%]
W — tungsten [wt%]
N — nitrogenium [wt%]

Fig. 8 Pitting [8]
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2 PRODUCTION OF MEMBRANE WALLS AND WELD OVERLAYS

Three methods are used to increase the corrosion resistance and thus extend the life of boiler
membrane walls. The first and simplest way to extend the life of an incineration boiler is
to completely replace the tubes and replace them with new ones. This option is not widely used,
as replacement is very economically expensive and requires suspension of the incineration
process for up to several months. The second option to extend the lifetime of the incinerator
is to reduce the operating parameters such as the operating temperature of the incineration or the
operating temperature of the steam. However, this results in a lower efficiency of the whole
incineration process. Secondary circuits, such as the cleaning circuit, are also affected,
as the elements that must be filtered out are not combusted perfectly. The third and most
optimal way to extend the life of the boiler incineration walls is to create a passivation coating
of'nickel - based superalloys. Several methods can be used to create the layer. The first method
is by manual welding with a coated electrode, more sophisticated methods are by MIG/MAG
or CMT modification. The last way is to use thermal spraying. The MIG method is the most
widely used of these methods, as it uses an inert gas environment and is also an easily automated
method that achieves high productivity. [4; 9; 10]

As mentioned, high temperature, chemical heterogeneity of the waste and the associated high
chlorine, sulfur, phosphorus, and salt content are the most important factors in the corrosion
process. This significantly reduces the corrosion resistance of the membrane walls. Resistance
is increased by the choice of appropriate materials. The most used materials are high chromium,
molybdenum, or nickel-based superalloys. The nickel superalloys are the most widely used and
complex type of alloy used in highly corrosive environments. Nickel superalloys are classified
according to their use in industry. They are divided into structural alloys, with special physical
properties, and refractory alloys. According to the method of production they are divided into
cast steels, shaped steels and steels produced by powder metallurgy. Nickel superalloys achieve
high values of strength, corrosion resistance, corrosion resistance at high temperatures. The
most used nickel superalloys include Inconel, Nimonic, Hastelloy. [9; 10]

2.1 Production of membrane walls

Membrane walls are one of the best types of boiler water wall, but they are also difficult
to manufacture. Membrane walls are consisting of tubes in which water flows and strips of sheet
metal that connect the single tubes. The walls can be fitted with additional components,
for example, for fuel or air supply to improve the incineration process. The production
of membrane walls is most often carried out on automatic lines. Production on an automatic
line must be variable because of the possibility of changing the dimensions of the uniform parts
of the membrane wall. The width of the membrane wall is determined by the number
of elements welded. The length is determined by the tube blank, which is most often supplied
in 6 m lengths. If there are requirements for longer walls, the tubes are lengthened. In the first
step, the surface and geometric preparation of the pipe is carried out on an automatic line.
It is blasted and degreased to remove oxides, grease, and impurities. Next, a bevel is made on
the wall for welding. Next, the strip elements are prepared, which are located between each
pipe. This consists of cutting the required lengths and then blasting, degreasing, and then
creating the bevels for welding. [9; 10; 11]

Welding is carried out on automatic lines, most often using the SAW method. This method
is very easy to automate, fast and does not glare. Welding is most often done in the PA or PB
positions. The movement of the membrane walls is by means of pulleys and conveyors. After
welding one side, the other side is turned and welded. The welding machine has been shown
in figure 10. If required, heat treatment is carried out after welding. The completely welded
membrane walls are then checked by X-ray and visual inspection. [9; 10]
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The membrane wall can be further bent and shaped in various ways. In case the walls are coated,
the shape of the walls must be free of bends, if possible, for better automation of the process.
TIG, MIG/MAG manual welding is only used for repairs or for finishing, as defects are more
likely to occur with hand welding. [11]

I -

Fig. 10 SAW welding of membrane walls. [11]

2.2 Production of protective layer

Technologies for the formation of a protective layer on the membrane walls of incineration
boilers are divided into two main groups. The first group includes non-conventional
technologies that use electric arc coating and high-speed spraying. The most used technologies
include electric arc spraying and arc welding, the arc spraying technology is shown in figure 11.
These technologies are characterized by their speed and angle of incidence. The parameters
cause the formation of oxide inclusions and affect adhesion and porosity. The critical value
for corrosion is a pore content of 10 %. Hot spray adheres to the material surface by Van der
Waals forces as well as by chemical bonds of covalent and metallic type and by metallurgical
processes. The second convection group for the formation of a protective layer on the walls
of boiler membranes is the use of welding processes. [11; 12; 13]

secondary air supply
\

s

controled wire feed —/
primary air supply -»
controled wire feed - ),

stream of molten partickles

Fig. 11 Electric arc spraying [12]

The layer is formed using molten additive material. During welding, it is necessary to reduce
the amount of dilution of the additive and base material. The amount of iron in the weld metal
should be as low as possible, as iron reduces corrosion resistance of the material. The amount
of iron can be reduced by the choice of suitable additive material, the welding position
and by water circulation in the pipe walls. The advantages of welding are simple automation,
formation of an any thick weld and good bonding to the base material by means of a metallic
bond. The most used welding methods are laser, plasma, or electric arc welding. Electric arc
welding is divided into MIG and MAG according to the type of active gas. A special form
of MIG/MAG technology is the CMT (cold metal transfer) method. [14; 15; 16]
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MIG/MAG - CMT is the most suitable method for welding materials onto membrane walls.
This method is characterized by low heat input to the material. Three criteria are important
for the formation of the coating. The first is a suitable welding device that meets the dynamic
and kinematic requirements of the welding process. The equipment must be equipped with
an electronic system for plotting the trajectory and identifying the necessary points. The second
criterion is the choice of the correct method of laying the welds. Variability for different
membrane walls must be observed. The most common and the most appropriate way is
the choice of weld stacking, as shown in figure 12. The third criterion is the choice of the correct
welding trajectory. The trajectory affects the rolling algorithm. This algorithm includes
the dimensions of the tubes, the material to be welded and the weld itself. [15; 16]

11+n, 124n 11+n, 124n
L

Fig. 12 Production process of protective layer.

2.2.1 MIG and MAG technology

MIG and MAG technologies belong to the fusion welding group. In these technologies, local
heating is generated by means of an electric current. An electrode in the form of a wire is used
as an additional material which is melted. The diameter of the electrode ranges from 0,6 to 1,6
mm, thus achieving a high current density. The electrode is moved by means of pulleys which
are synchronized to prevent the electrode from slipping. The electric arc is connected by means
of a contact line in the welding head. The contact line is made of copper and for technologies
that use solid wire it is connected to the positive pole. For technologies that use tubular wire,
the contact line is connected to the negative pole. The other pole is connected to the material
to be welded. The shielding material is conveyed to the welding site by hoses and directed by
the nozzle of the welding gun. In the MIG and MAG methods, slag is not formed on the weld
metal during welding, so it is necessary to protect the welded material until it cools down to a
low temperature. These methods allow welding material from 0,8 mm thick. The transfer of
molten metal to the welding site varies according to the current delivered to the welding site.
If the current value is low, the transfer is short circuited. As the current value increases, the
transfer changes to shower transfer and at the highest current values the transfer is rotary.
The whole MIG/MAG technology has been described in the figure 13. [15; 16]

Electrode Flow Regulator
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Gas
cylinder
>

Shielding
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Welding
var
Welding ot
gun

Shielding Welding
e power
cable

Workpiece Work cable

Controd
cable

Fig. 13 MIG/MAG welding scheme [16]
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MIG technology uses fusion arc welding with a melting electrode, which takes place in an inert
gas environment. Argon, helium, or a mixture of these gases is used as the inert gas. This
technology is suitable for welding non - ferrous metals and their alloys such as aluminum,
copper, titanium. The use of helium causes an increase in the temperature of the electric arc.
Pulse mode is the most frequently chosen technology for welding protective layers on the
membrane walls of incineration plants. The shielding gas is a four-component mixture of argon
and helium. To achieve a suitable layer, it is necessary to select the correct overlapping pattern
and welding position. [15; 16; 17]

MAG technology belongs to the same group of welding technologies as MIG technology.
Compared to MIG technology, MAG technology is characterized using an active environment.
Most often carbon dioxide or a mixture of argon and oxygen is used. The use of carbon dioxide
alone is more economically advantageous, due to the lower price. The disadvantage is the
formation of oxide and carbides in the weld. Spatter occurs due to the high voltage of the electric
arc. MAG technology is used for welding ferrous materials, more precisely non - alloy,
and low - alloy steels. For welding high - alloy steels, a mixture of argon and carbon
dioxide is used. [15; 16; 17]

2.2.2 CMT modification

The CMT welding method was developed by Fronius in 2005. The method is particularly
exceptional because of the movement of the welding electrode, which performs an alternating
back and forth motion. This specific movement was first used in 1997 for the spray less arc
ignition. The principle of the welding cycle is divided into four parts, as shown in figure 14. In
the first part, an arc is created by increasing the current and the welding wire is moved towards
the material. As soon as contact is made, the current is reduced by electronic control. If the
current is not reduced, the resistance would drop as in conventional methods, and this causes
the end of the electrode to melt and unwanted spatter. After the welding material is joined with
the filler material, the wire is pulled back into the welding head as shown in the third section
where the drop of material is separated. In the last part, the current is increased again, where
due to the small distance hopefully an arc is formed and the whole process is repeated.
The whole process is repeated at a high frequency of up to 130 Hz. The whole cycle does not
depend on a predefined current dependence. The process has a set one period that repeats after
each short circuit signal is sent. This guarantees high weld quality as the length of the welding
wire is well regulated, this is particularly important for manual welding. [16; 18; 19]

Filler Filler
wire touches the
weld pool

Fig. 14 Phases of CMT welding [18]

The advantage over other arc welding methods is the smaller heat affected area. The amount of
heat input to the weld depends on the wire feed rate while keeping the other parameters constant.
Furthermore, there is much less mixing of the base and additive material, where for CMT the
mixing values are in the units of percent. This improves the quality of the filler layer because,
as mentioned in previous chapters, the corrosion resistance of the material decreases as the
mixing value increases. It has been found that a contact angle of at least 115° is necessary for
uniform bonding of homogeneous welds. If the angle is in the range of 90° to 100°, no uniform
layer is formed. CMT method has been divided by different welding processes: [16; 18; 19]
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= CMT pulse - the welding process is modified by the addition of a phase where a lossless
pulse transfer takes place. This phase follows the droplet separation. More heat is introduced
into the weld joint. Any number of pulses can be added in this phase, depending on the
amount of heat energy required. The more pulses are added, the larger the pores in the weld
become. By making the pores larger, it is easier to reach the surface and cracks do not form.
The length of the free end of the wire is the same as in the conventional CMT. [20]

= CMT advanced - this modification works with polarization of welding cycles. The polarity
change occurs during the short-circuit phase while the arc remains stable. During the
negatively polarized phase, the process achieves high melting performance and better joint
bridging. The bridging value is up to several millimeters. During the positively polarized
phase, a targeted heat gain and precise droplet transition is achieved. During the transition
between polarities, zero current is crossed and the arc is extinguished. The ratio between
the phases can be defined according to requirements. This modification guarantees high arc
stability and very low heat input to the weld. The quality of the joints is very high. [21]

= CMT advanced pulse - the CMT Advanced Pulse process consists of a combination of CMT
cycles with negative polarity electrodes and a pulse phase with positive polarity. During the
negatively polarized phase of CMT, higher melt power is achieved with low heat input.
During the polarity change to positive pulse cycle, a short circuit occurs. With the pulse
phase, the user achieves a short-circuit-free droplet transition in addition to higher heat. The
ratio between positive and negative cycle process is also freely selectable here. In this way,
joining of high-strength steels can be carried out with sufficient melting power and low
heat input. [22]

2.3 Heat resistant steels

Heat resistant steels are classified as structural steels and represent a very broad group
of materials. These steels are suitable for long-term mechanical stresses at temperatures above
about 500 °C. In addition to the high pressures, they must also resist material creep, but
also have various requirements such as corrosion resistance or wear resistance in various
aggressive environments. Refractory steels are mainly used in the power, chemical or nuclear
industries, where they are used for the manufacture of rotors, boiler parts or, for example,
nuclear reactor cladding. [23; 24]

A property of called creep occurs in heat-resistant steels. This phenomenon is defined as plastic
deformation occurring under conditions of long-term stress at elevated temperature. Under such
conditions the deformation becomes a function of temperature, time, and stress. Creep
processes are significantly manifested above the homologous temperature of metals and their
alloys (T), which is about 0,4 Tt, where Tt is the melting temperature of the metal or alloy.
Creep is represented by a creep curve, which is a function of strain on time. The full creep curve
consists of three main parts. The first part is characterized by a rapid rate of deformation, which
soon stabilizes. In the second part, the rate of creep is constant and hence there is a linear
increase in material deformation, and an equilibrium between strain hardening and material
softening occurs. This part of the curve is the most important and most research focuses because
it is the longest phase in time and is indicative of the lifetime of the material. The last part of the
curve is characterized by an exponential increase in the strain rate and ends with the fracture
of the material. In figure 15 all phases are then marked and illustrated. [23; 24]
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Fig. 15 Stages of creep [24]

Plastic deformation by creep has 2 basic mechanisms. Diffusion motion of atoms or dislocation
motion. Diffusion creep occurs at low stresses but requires relatively high temperature.
When loaded, one side of the grain stretches to form vacancies, and the other side of the grain
compresses to form interstitial atoms. Diffusion then equalizes the concentrations of these point
defects, and grains elongate in the direction of the tensile stress. The condition for dislocation
creep to occur is that the stress in the material must overcome some resistance in the crystal
lattice. It can be concluded that the stronger the lattice of the solid solution steel, the greater
the resistance to creep will be and dislocation motion will be avoided. Among the most
important strengthening principles is precipitation strengthening, which is caused by
the presence of fine precipitates in the structure, mainly carbides of alloying elements. These
precipitates then form barriers against the movement of dislocations. Another possible
hardening is solid solution hardening, which is mainly caused by Mo and W. The substitution
of these elements in the underlying metal lattice causes deformation of the lattice, thereby
forming a barrier to the movement of dislocations. Even the type of lattice itself influences the
movement against dislocations. [25; 26]

2.3.1 Heat resistance

The heat resistance of a steel is its ability to withstand, at high temperatures, long-term stresses
without unacceptable plastic deformation or fracture. Other requirements may be resistance
to oxidation, corrosion, hot fatigue fracture or, for example, good mechanical properties
at lower temperatures. All materials must have this property, which are used for work at
temperatures higher than the homologous temperature characteristic for the intersection of two
strength properties at elevated temperatures. This is the minimum yield strength Re and creep
strength Rmt/1/10, See figure 16, temperature is defined as Tc = 0.4 Tt. Alternatively, it can be
defined the refractoriness as the stress at temperatures above 500 °C. [23; 25; 26]

Tension [MPa]

Temperature [°C]

Fig. 16 Point of Homologenous temperature [25]
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Two basic values determine optimal material for construction. The yield strength at higher
temperatures and the creep strength. In terms of reliability, the strength calculations in strength
calculations, the lower value is preferred. Figure 16 shows the intersection of the Re and Rmt
values for carbon steel used for the manufacture of steam boiler evaporators. At operating
temperatures below about 420 °C, the preferred calculation Re value, while for higher
temperatures the Rmt value will be preferred. [23; 25]

Many factors must be considered when selecting the optimal alloying elements. Each element
has different properties, and it is always necessary to consider not only the property under
consideration, but also other properties and to create a certain compromise in order not to
deteriorate other material properties. Some of the main ones include carbon, which
has a positive effect on refractoriness but a negative effect on other technological properties
such as formability and weldability. Nitrogen improves refractoriness up to 0,08 %, but higher
amounts may be undesirable. Molybdenum and tungsten strengthen the solid solution and thus
prevent dislocation creep. Chromium and its carbides also have a significant positive effect
on refractoriness, but and other properties, such as corrosion resistance. For example, aluminum
should be in refractory steels as little as possible. [23; 25]

Heat resistance can be assessed by various tests that predict the working time of certain
components in service. The most common tests include the static tensile test at elevated
temperature, the relaxation test, creep and creep strength test and thermal fatigue test. Static
tensile test. The elevated temperature test is tested on a conventional tearing machine where
the specimen can be heated. These values obtained are different from the creep test because
this test is carried out under high stresses and up to a minimum of 50 times the actual strain.
Relaxation takes place at room or elevated temperature and consists of a reduction in stress over
time. The rate of relaxation Rt is then the difference in stress corresponding to the initial loading
force and the force after a period t. Next test is the creep test, which is divided
into low - temperature creep tests, high temperature and diffusion. Latest frequent test on hot-
rolled steels is the thermal fatigue test, which consists of multiple cyclic or periodic
temperature changes. [23; 25]

2.3.2  Types of heat resistant steels

Carbon steels are characterized by a fine-grained structure with a low carbon content. Maximum
The temperature of use is limited by the value of the creep limit. Carbon steels are mainly used
for the manufacture of tubes, plates, or castings for various power equipment such
as evaporators or water heaters. These steels are rolled from quenched, semi-quenched and
unquenched steels, However, when cold-forming unsettled steels, the plastic properties
decrease due to deformation ageing, and the most common choice is to tempering. [23] [27]

Low-alloy steels are one of the most widespread and widely used group of hot-rolled steels.
These steels are divided into yield strength steels and creep strength steels. They must have
high creep plasticity but also resist oxidation or have good weldability using basic welding
methods. Their carbon content shall be such that no carbon is formed cementite but only fine
carbides. These carbides are usually composed of Mo, Cr or V, which are the most common
alloying elements in these steels. The steels are of course alloyed with other elements which
can alter the technological or mechanical properties in various ways, see figure 17. The use
of these steels is limited by operating temperatures up to 580 °C. [23; 26; 27]
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Fig. 17 Influence of elements on creep [27]

Chromium steels most often have a ferritic or martensitic structure and must not only have good
heat resistance, but, due to their use at higher temperatures, must be refractory. Chromium steels
have a Cr content of 9 to 12 %. The steel is suitable for use up to 620 °C and is most used
to make preheated tubes for steam boilers or, for example for the manufacture of steam and gas
turbine rotors and blades. Chromium steels are also alloyed with elements such as Mo, V, Nb,
W, Ni or Co. [23; 26; 27; 28]

Austenitic steels are classified as steels with very high heat resistance and have a high yield
strength up to 650 °C. This is mainly due to the FCC lattice, which has a denser arrangement
and movement dislocation is thus considerably reduced. These steels are easy to form lattice
defects, which also prevent the movement of dislocations. Another advantage is that austenite
has a temperature recrystallisation temperature in the range 800-900 °C, unlike ferrite. To form
an austenitic structure, it is necessary to add austenite-forming elements such as Ni or Mn to the
steel. Austenitic refractory steels are therefore divided into chromium nickel austenitic steels
and manganese chromium austenitic steels. In chromium nickel steels, elements such as W
or Mo are added to increase the refractoriness, sometimes can also be Nb, Ti, V and N. The Cr
content here is in the range of 12-20 %, which will also guarantee a good corrosion resistance
of the material. It is advisable to heat treat the steels with a stabilizing or dissolving annealing
to reduce the content of the undesirable Laves phase. Manganese-chromium steels, use cheaper
Mn instead of Ni. [26; 27; 28]

Austenitic hard enable steels are used in even more demanding conditions than chrome nickel
steels. Temperature applications are up to 750 °C and they also have a very good creep strength
and generally good plastic properties. The material acquires these excellent properties when
dissolution annealing at 1150 °C for 1 h followed by cooling in air. The heating is then repeated,
but at 750 °C for 20 h. This heat treatment produces a saturated solid gamma solution with
a small amount of undissolved TiC carbides in the structure. The main additives here are Ti,
Al, B and Mo, which increase the required creep strength. [23; 25]

The most used carbon low-alloy steels are most often alloyed with Cr and Mo. The choice
of membrane wall material depends mainly on the operating temperature and pressure.
Chemical composition and mechanical properties see Table 3.

EN P235GH — W. Nr. 1.0345 — is heat-resistant steel. The letters in the designation have
the following meaning. P — weldable, G — soft annealed, H - hardened. Suitable for continuous
heat loads up to 450 °C. [29]

EN P265GH — W. Nr. 1.0425 — belongs to the same group as the previous material. Operating

temperatures up to 450. Compared to the previous material it has lower tensile strength. It has
good weldability. [30]
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EN X10CrWMoVNb9-2 — W. Nr. 1.4901 - — is a low-alloy stainless steel suitable for
temperatures up to 650 °C. Standard annealed and tempered. Corrosion-resistant, with
guaranteed yield strength, and good weldability. [31]

EN 16Mo3 -W. Nr. 1.5415 - is a low alloy steel with increased heat resistance, resistance to
high temperature corrosion and creep. Operating temperatures of this steel range up to 500 °C.
It is very easy to weld. The mechanical properties can be increased by approximately 15-20 %
by standardization annealing. [32]

EN 13CrMo4-5 — W. Nr. 1.7335 is a low-alloy stainless steel suitable for temperatures up
to 530 °C. Corrosion-resistant, with guaranteed creep limit, good weldability. [33]

EN 7CrMoVTiB10-10 -W. Nr. 1.7378 — is a low-alloy stainless steel suitable for working
temperatures up to 600 °C. Standard annealed and tempered. Corrosion-resistant, with
guaranteed yield strength, good weldability. [34]

Table 3 Chemical composition and mechanical properties of steels. [31; 32; 33; 34]

1.0345 | 1.0425 | 1.4901 | 1.5415 | 1.7335 | 1.7378
wt % C < 0,16 0,2 0,13 0,2 0,18 0,1
wt % Si < 0,35 0,4 0,5 0,35 0,35 0,45
wt % Mn < 06-1,2 | 0814 | 03-0,6 0,9 0,4-1 0,3-0,7
Wt % Prnax 0,025 0,025 0,02 0,025 0,025 0,02
Wt % Smax 0,015 0,01 0,01 0,020 0,01 0,01
wt % Cr < 0,3 0,3 8,5-9,5 0,3 1,15 2226
wt % Cu < 0,3 0,3 0,3-0,6 0,3 03 ]
wt % Ni < 0,3 0,3 0,4 0,3 0,01 _
wt % Mo < 0,08 0,08 0,-0,6 0,35 0,6 0,9-1,1
Re [MPa] 235 264 355 280 290 350
Rm [MPa] 360-500 | 410-530 | 620-850 | 450-600 | 450-600 | 565-840
As [%] 23 22 19 22 21 17
Ry02 [MPa] 108 133 440 150 175 450

2.4 Nickel and nickel alloys

Nickel is one of the most abundant elements on Earth. It is a silver-gray metal that is stable
in air, resistant to alkalis, and has very good ductility. In nature it is found most often
in compounds with oxides or sulfides. The production of pure nickel is very expensive, as it
is difficult to isolate from other elements. The most common methods of producing pure nickel
are electrolysis or carbon reduction. Nickel has a negative effect on the human body. It can
cause allergies, redness and swelling. The atomic number of nickel is 28. The atomic weight
is 58,71. The crystal structure is FCC is shown in the figure 18. Compared to other metals,
nickel has a high density of 8907 kg/m?. In comparison, titanium has 4508 kg/m? and aluminum
has 2698 kg/m>. This makes nickel an ideal material for use in the aerospace industry. Nickel
has stable mechanical properties at both high and low temperatures. The recrystallisation
temperature is around 600 °C. Nickel has a low ultimate strength of 220 MPa. It exhibits rapid
and large hardening during forming. The chemical, physical and mechanical properties are
significantly improved in compounds with other elements. Primarily nickel is used in the form
of alloys in the chemical, aerospace, energy, and space industries. In addition, nickel is used
to coat metals to increase their corrosion resistance. Secondarily, nickel is used to increase
ductility, notch toughness or to convert the structure of steels to austenitic. Table 4 below
describes the basic properties of nickel. [35; 36; 37]
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Fig. 18 Nickel atomic structure — FCC [36]

Table 4 Physical properties of nickel [36]

Properties Mark Value Unit
Atomic weight Ar 58,69 -
Melting point Tr 1453 °C
Density Y/ 8908 Kg-m?
Heat conductivity A 91 W-m'-K!
Thermal expansion coefficient 0.20°0) 13,3 106 - K!
Electrical resistance Roo0o 6,844 pQ - cm
Vickers hardness HV 638 -
Brinell hardness HBW 700 -
Shear modulus G 76 GPa
Tensile modulus E 216,2 GPa
Structure - FCC -
Grid constant a 0,35168 mm

Nickel is used as an element itself in surface treatments or to modify the properties of steels.
Otherwise, nickel is mainly used in the form of alloys with other elements. It can also give good
and greater solubility of alloying elements than that of iron. The high solubility of alloying
elements results in better material values and thus increases the availability of nickel alloys.
There are elements which must be reduced to the minimum permissible by metallurgy as they
significantly degrade the material properties. [35; 36; 37]

Elements that degrade the properties of nickel alloys include carbon. This forms graphite at the
grain boundaries of nickel alloys when the permissible concentration is exceeded and
thus reduces the mechanical properties at higher temperatures. The carbon content is reduced
by metallurgy to below 0,02 wt.%. Sulfur is another element that significantly degrades
material properties. At temperatures around 645 °C, a concentration of 0,002 wt.% results
in a significant reduction in mechanical properties. Overall, the sulfur concentration in the
structure is kept below 0,005 wt.%. At room temperatures, sulfur causes a reduction in ductility.
Nickel alloys are most often processed in a protective atmosphere to eliminate the presence
of oxygen, which forms oxides, especially binding manganese, which then does not form
sulfides with sulfur and would cause a deterioration in mechanical properties. [35; 36; 37]

Manganese is added to nickel alloy to increase oxidation resistance and reduces the negative
effects of sulfur at higher temperatures, as manganese forms manganese sulfide with sulfur.
Another element that has positive effects on nickel alloy is zircon, which is deposited at grain
boundaries in a columnar or lamellar form. Zircon is added to nickel alloys to increase
mechanical properties over a wide range of temperatures. Silicon is used in metallurgy to bind
residual oxygen that is present in the melt. In addition, silicon is used to increase resistance to
high temperature corrosion. The usual concentration of silicon is below 0,3 wt%. As nickel
becomes expensive through refining, iron is added to nickel alloys. The iron has the effect
of reducing the price of the alloys. It also reduces the solubility of carbon like cobalt. [35; 36]

27



UST FSI VUT V BRNE

The addition of 2-3 wt% copper results in a significant increase in corrosion resistance in acids
such as hydrochloric, sulfuric, or phosphoric acid. The most important alloying element in
nickel alloys is chromium. It causes high corrosion and acid resistance. In alloys, chromium
reaches a concentration of up to 50 wt. %. Chromium forms a passivation layer on the surface
of the alloy. Furthermore, tungsten is added to the alloys as it increases the strength at high
temperatures. It also increases corrosion resistance. The disadvantage is the high cost of
tungsten due to its low concentration and complex production. Often tungsten is replaced by
molybdenum, which has the same effect. Cobalt is an element that is added to the melt in the
metallurgical process because of its high affinity for sulfur, with which it forms compounds
that are more resistant than sulfur and nickel compounds. Furthermore, cobalt is used because
it increases the solubility of carbon in the melt and thus prevents carburizing at higher
temperatures. Magnesium or beryllium is used to further reduce the sulfur content. Table 5
below shows the breakdown of the different alloys into groups according to
chemical composition. [35; 36; 37]

Table 5 Nickel and nickel alloy types [35]

Group Nickel alloy types

41 Pure nickel

42 Nickel-copper (Ni-Cu) with Ni > 45 %, Cu>10 %

43 Nickel-chrome (Ni-Cr-Fe-Mo) with Ni > 40 %

44 Nickel-molybdenum (Ni-Mo) with Ni > 45 %, Mo <32 %

45 Nickel-iron. chrome (Ni-Fe-Cr) with Ni > 31 %

46; Nickel-chrome-cobalt (Ni-Cr-Co) with Ni > 45 %, Co > 10 %

47 Nickel-iron-chrome-copper (Ni-Fe-Cr-Cu) s Ni >45 %

48 Nickel-iron-cobalt-chrome-molybdenum-copper
(Ni-Fe-Co-Cr-Mo-Cu) with 31 % < Ni <45 % and Fe > 20 %

2.4.1 Nickel superalloys

If nickel superalloys are considered in terms of the number of alloying elements, which contain
more than ten, they are among the most complex materials to produce. Superalloys contain
large amounts of chromium, cobalt, aluminum, and titanium. In addition, small amounts of
zircon and carbon are added. The major alloying elements such as chromium and aluminum
significantly affect the phase diagram and solidification of the superalloy, as shown in figure 19
and 20. Chromium and aluminum form a stable oxide layer. In general, nickel superalloys have
high resistance to oxidation, corrosion, and strength loss at high temperatures. They are very
resistant to creep and have good fatigue properties. [35; 38; 39]

Weight %Cr 1800 1 L L 1
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" i FCC +BCC 600 r
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P T T T T
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Fig. 19 Ni-CR binary phase diagram [38] Fig. 20 Ni-Al binary phase diagram [38]

28



UST FSI VUT V BRNE

The basic matrix of nickel alloys is austenite or gamma phase denoted y. This phase has an FCC
lattice, and the matrix can be strengthened by substitution. Substitutional foaming describes
the replacement of the atoms of the base lattice with atoms of another element.
The strengthening is ensured by enough alloying elements up to a temperature of 810 °C.
This phase contains many alloying elements such as chromium, cobalt, molybdenum. Another
type of nickel superalloy matrix may be the gamma prime phase, referred to as y’. The main
alloying elements include aluminum and titanium. The last type is the gamma secondary phase,
where a high content of alloying elements such as niobium and tantalum are found. Both phases
have the same function, but the gamma secondary phase is preferred. Both phases have low
interfacial energy. This ensures stability at high temperatures. The precipitates are dissolved
at 1000 °C. Figure 21 shows the different phases. [38; 39]

Nickel superalloys are most often produced in a certain ratio of the different gamma phases.
In this way the necessary physical properties are achieved. The gamma prime phase alone has
the highest yield strength values, this value decreases with increasing gamma double prime
phase content. At lower temperatures a combination with 10-20 % is suitable. If the content
with 20 % is exceeded, the yield strength at low temperatures decreases. At a concentration
of 40 %, the curve is without a drop in strength for increasing temperatures and then rises.
This is due to the strengthening effect which increases with increasing temperature. The
solubility of 80-100 % gamma prime waist is highest at temperatures around 900 °C.
All concentrations are summarized in figure 22. [38; 39]
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Fig. 21 Gamma phases [35] Fig. 22 Dependence 0,2 flow stress on
temperature [35]

Precipitation hardening is mainly influenced by the size and shape of the hardening phases.
These are mainly influenced by chromium and heat treatment parameters. With increasing time
at high temperatures, grain coarsening occurs. Other phases appear in the structure, those
mentioned above. These are the 1 or & phases, which are formed at high titanium, tantalum,
or niobium content. These have a negative effect on the hardening. Another phase that appears
with high iron, chromium and molybdenum content is 6. Laves phases can form which result
in a reduction in ductility of nickel alloys. Since nickel superalloys are alloyed with many
alloying elements, as mentioned in previous chapters, carbides are formed. The most common
carbides formed are MC, M23Cs, or MeC. Some of the carbides formed are stable and some are
unstable. Carbides have a beneficial effect on blocking grain movement at high temperatures,
depending on the position of the exclusion. If the carbides are excluded at the grain boundaries,
this is a positive effect, but plasticity is reduced. The last transformation converts the carbides
to the stable MsC type. The addition of alloying elements is the last way to achieve
strengthening in nickel alloys. Alloying elements such as boron and zirconium are added. The
atoms of the elements occur at grain boundaries and replace vacancies. [36; 38; 40]
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Boron and zirconium increase creep resistance and fracture toughness. They also change the
type of fracture, which was intergranular before the addition of alloys and is transcrystalline
after the addition. Nickel superalloys are hardened able. Heat treatment is therefore used. This
consists of two parts. The first part is the dissolution annealing, which takes place at high
temperatures around 1150-1315 °C. This is followed by rapid cooling, which results in the
elimination of the supersaturated solid solution. The decomposition of the supersaturated solid
solution is the second part of the heat treatment. Since this is a desirable process, the process is
called artificial aging. It takes place at elevated temperatures in the range of 420 to 870 °C.
The solid solution breaks down into the gamma prime phase. The whole curing process is
carried out up to 7 times. Since there is a lot of internal stress after curing, another type of heat
treatment is recrystallization annealing, which is done to restore plasticity after cold forming,
where the original undeformed structure is restored. Recrystallisation annealing is carried out
at temperatures between 700 and 1200 °C. Alternatively, stress reduction annealing is carried
out directly for precipitation hardening in the temperature range 420 - 870 °C. [38; 40]

2.4.2  Weldability of nickel superalloys

When welding nickel alloys, strict requirements for material purity must be observed. Since
nickel is very susceptible to forming compounds with other elements, it must be stored in areas
away from other materials. Another requirement is the cleanliness of the welding surfaces.
Mechanical cleaning is carried out in protective elements. The surface of the nickel alloy
is cleaned with suitable agents such as acetone. Carbon, sulfur, phosphorus, oxygen, and
nitrogen have a negative effect on the welding process. They are unsuitable because
of the formation of low-melting ecutectics. They also cause porosity in the weld joint.
Elimination of these elements is possible by bonding to other elements that have a higher
affinity at high temperatures or by completely reducing their content in the material. The carbon
content is kept below 0,2 %, the sulfur and phosphorus content below 0,015 % and the oxygen
and nitrogen content below 0,005 %. [17; 41; 42; 43]

A dissolution anneal is performed before welding to prevent hot cracks in coarse-grained
structures. Adjusting welding parameters minimizes heat input. Interpass temperature for nickel
alloys should not exceed 150°C. High aluminum and titanium content (< 5%) promotes crack
formation, necessitating high-power methods like laser and electron beam. Argon and helium,
or their combination (> 99,996 % purity), are commonly used as shielding gases in electric arc
welding. Nickel alloys with higher iron and chromium content should be shielded with an inert
gas. Titanium, aluminum, and niobium increase the susceptibility of the melt bath. [41] [42]

This reduces the corrosion resistance of the weld joint. The biggest problem in nickel alloy
welding is the formation of hot cracks that occur on cooling or on repeated heating. There
are three types of hot cracks. The first type is crystallization cracks, which are formed in
the weld joint. The second type is casting cracks, which occur at the interface between the base
material and the weld pool. The last type is polygonization cracks, which occur in the heat
affected zone. Cracks are most often formed in the direction of welding. Cracks are caused
by low-melting eutectics, which are caused by sulfur, phosphorus, silicon. In the figure 23 and
24 shows a hot crack. [41; 42; 44]

| 1cm |

.Fig. 23 Solidification crack [41] Fig. 24 Cut of solidification crack [41]
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3 DESIGN AND EXECUTION OF THE EXPERIMENT

The practical part of the thesis describes the individual tests of the materials. The procedure of
preparation of individual samples for the experiments, the process of experiment and finally the
evaluation of individual tests are described. The first step is the evaluation of the chemical
composition tests to determine the suitability of the samples that have been supplied. The
samples are monitored for major element content. Next, the samples were examined under a
digital microscope to observe the macrostructure, defects and then the specific areas were
selected for scanning electron microscope observation of the microstructure. As the last part of
practical part, microhardness, strength, and yield strength of the surfacing material are
examined. Different types of samples are compared. Samples are of two types as a sample with
different content of iron in welded overlay. The samples were welded with different parameters,
which are reflected in the individual properties of the material being welded. The individual
tests are chosen in a certain continuity, where the results of the previous measurements are used
to evaluate the following measurements.

3.1 Base material — 16Mo3

Molybdenum heat-resistant structural steel 16Mo3, also known as W.Nr.1.5415 or CSN 15 020,
is a type of steel that is highly resistant to high temperatures, creep, and high-temperature
corrosion. The steel 16Mo3 has ferritic-perlitic structure. This material can be easily machined
and is ductile both at hot and cold temperatures. One of the main advantages of this material is
its excellent weldability using standard welding techniques such as TIG, MIG/MAG. With a
higher concentration of chromium and molybdenum, this steel possesses properties that are
highly suitable for use in industries such as heating, power, oil, gas, or chemicals. The chemical
composition of 16Mo3 steel is shown in table 6 below. Mechanical properties and chemical
composition are described in attachment 1. [32] [45]

Table 6 Chemical content of steel 16Mo3 [46]

[Yowt] C Si Mn P S Cr Mo Ni N Cu
16Mo3 | 0,12- | 0,35 | 0,40- } 0,025 | 0,01 | 0,03 |0,25- | 0,30 | 0,01 | 0,30
0,20 0,90 0,35

At present, the primary application of this material is in the manufacturing of industrial
equipment such as boilers, steam lines, heat exchangers, and pressure vessels. Table 7 presents
the mechanical properties of 16Mo3 steel at a temperature of 20°C.

Table 7 Mechanical properties of steel 16Mo3 [45]

Tensile modul of elasticity 212 GPa
Yield strength 380 MPa
Tensile strength 440 MPa
Hardness 150 HB
Ductility 30 %
Impact work ISO-V 31J
Application temperatures -20 — 530 °C

Based on the information provided, 16Mo3 steel is commonly utilized for applications that
involve high temperatures. When subjected to these temperatures, the material enters a state
called "creep," which is characterized by slow deformation caused by prolonged exposure
to elevated temperatures. Heat resistance, a property of steel, is defined by this creep behavior.
Table 8 displays the creep strength limits for 16Mo3 steel at various temperatures and
loading times. [32; 45]
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Table 8 Creep strength for different temperatures and loading time [45]

Temperature [°C] Creep strength for | Creep strength for | Creep strength for
10* hour [MPa] 10° hour [MPa] 10° hour [MPa]
450 298 239 217
470 247 178 159
500 171 101 84
510 147 91 69
530 102 53 45

3.2 Protective material Inconel 625

Inconel 625 has high strength without prior heat treatment. Equilibrium temperatures range
from -200 to 980 °C. The chemical composition of the nickel superalloy guarantees high
corrosion resistance in a wide range of corrosive environments. It is mainly resistant to pitting,
crevice corrosion. This material finds a wide range of applications in the chemical, energy,
aerospace, and space industries. For the problem addressed in this work, Inconel 625 is suitable
for welding the protective layer of membrane walls, evaporators, and preheaters. As mentioned
earlier, the welded layer on the membrane wall does not need further heat treatment. As the
degree of dilution of the coating material with iron increases, it is corrosion resistance
decreases. For the problem of welding the layer on the membrane wall, a material in the form
of a wire called Inconel Filler Metal 625, which is designed for TIG/MIG welding processes,
is used. More information is described in attachment 2. [47; 48]

The chemical composition of the Inconel 625 is shown in table 9, where the largest amounts
are represented by the elements Ni and Cr. Alloying Cr and Al yields superalloys the required
anticorrosive and antioxidant properties. These then form a protective layer in an oxygen
environment, e.g., Cr203 and Al,Os. The elements Ti and Al are the basis for formation of y'
curing phase. Small amounts of other elements may also be present in superalloys. Beneficial
elements that contribute to grain boundary strengthening include C, Zr and B. On the other
hand, harmful elements include, for example, O, H, N, He, as residual gases, as well as Pb, Sb,
Cu, Ag, as impurities. [47; 48]

Table 9 The compositions (in wt %) of Inconel 625 [47]
Nimin | Cr [Co Mo W Nb | Al Ti Ta Fe | Hf C B Zr
58 21,5 - 90 | - |36 10,2 {02 - |25 - 0,05 - -

Inconel 625 belongs to the D-2 group. This refers to materials that are hardenable by an ageing
process that maintains high hardness and strength. When low hardness of the material, such as
drilling and tapping operations, the material is machined in the unaged. The material with the
lowest hardness and ease of machinability is in chemical and heat treatments such as dissolution
annealing followed by quenching or air cooling. This process is necessary in the roughing
process in the aged state. Table 10 lists the basic mechanical properties Inconel 625. [47; 48]

Table 10 Mechanical properties of Inconel 625 [47]

Tensile strength 965 MPa

Yield strength 490 MPa

Tensile modulus of elasticity 20 °C 207 GPa
Ductility at 20 °C 50%

Creep strength 360 MPa
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3.3 Welding of Inconel 625 protective layer

The primary factor considered when selecting the appropriate welding method was the level
of iron present on the surface of the coating layer. Using a conventional MIG pulsed current
method with an EWM source, manual welding achieved 5,45% Fe, robotic welding achieved
4,3 %. The CMT method resulted in lower levels of iron, with 1,9 % achieved for manual
welding and 1,35 % for automated welding. Monitoring the amount of iron is crucial
for ensuring the corrosion resistance of the coating. Due to the lower mixing achieved with
the MIG method, it was chosen, specifically the CMT source Fronius TPS 500i. The CMT torch
used in this method has a wire oscillation frequency of up to 90 Hz. The additive material used
is from ALUNOX, designated AX-625, and its chemical composition is given in table 11.
With a wire diameter of 1,2 mm, a sufficient weight of metal can be welded. Other specification
has been shown in attachment 3.

Table 11 Chemical composition of welded material from company Alunox [49]
Element | Ni C Cr Mo Mn Si | Nb+Ta | Fe
Yowt I 63,8 0,02 22 9,0 0,2 0,2 3,3 1,5

To optimize the welding process for this material, a gas mixture consisting of argon, helium,
hydrogen, and carbon dioxide is recommended. The gas from Linde, called Cronigon NilO,
has a chemical composition that is listed in table 12, and the small amount of carbon dioxide
can enhance the arc's stability. Helium is included in the mixture to increase heat transfer
to the weld area and facilitate wetting. Adding hydrogen can enhance the wettability
and fluidity of the weld metal, but it is important to note that it can also have a non-negligible
impact on the ductility of the final product.

Table 12 Chemical composition of shielding gas

Element Ar He H CO2
% 67,945 30,0 2,0 0,055

The welding of the Inconel 625 protective material layer took place at the workplace
of Smeral s.r.o. The workplace was equipped with a handling device for welding the coating
on the membrane wall in the length of six meters. The assembly also included a cooling device
that pumped water through the membrane wall for cooling, thus ensuring minimal dilution
and a small heat affected area. The handling equipment is shown in figure 25. In addition,
the entire system was fitted with a Fronius TPS 5001 power supply, which is shown in figure
26. This device operates with software that uses synergies that optimize many parameters that
can reduce dilution and the size of the thermally affected area.
: | YT oy

Fig. 25 Handling equipment Fig. 26 Fronius TPS 500i [50]
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For the welding of the samples, synergistic curve with the designation 3921, which is designed
for Inconel 625, was used. In addition, arc length correction and pulse dynamics correction
are considered. The arc length correction ranges from -10 to +10. When changing from
the original O to positive values, time of returning of the wire is reduced. Speed of movement
is the same and the distance of the wire end from base material is reduced. Because the time
is reduced, frequency of metal transfer is increased. The shorter distance reduces voltage and
heat input. Conversely, when the return time is set to negative values, the return time
is increased and the arc length is increased, resulting in increased voltage and energy loss.
The metal droplet to be melted is larger and the frequency is smaller. The pulse dynamics
correction (PDC) is adjustable from -10 to +10. It simulates inductance in the circuit.
And controls the magnitude of the short circuit current. The current is increased for negative
values and decreased for positive values. The consequence of reducing the current is a less
stable arc, but less spatter and mixing. Increasing the short circuit current results in higher
mixing, better arc stability and increases the contact angle between the lead and the
base material.

The wire feed rate is mathematically synergistically related to current and voltage. In the CMT
method, the speed is not constant as in conventional methods. The process is digitally
controlled, and the device regulates itself at any time in case of non-compliant parameters. Pulse
dynamics correction and arc length correction also affect the wire feed rate. To protect
the know-how of the technology developed by BUT, some parameters will not be described
precisely. Table 13 describes the allowed welding parameters.

Table 13 Welding parameters

1[A] U [V] vs [mm-min’'] vy [m/min] divergence [mm]
180 17 267 6,4 10-20

Part of the work was to develop a welding procedure specification (WPS), which summarizes
all the information about the welding process. There is information about the additive material,
shielding gas, welding parameters and the final welding process. The WPS is shown
in attachment 3.

3.4 Analysis of chemical composition

Optical emission spectrometry (OES) is a widely used method for chemical analysis of a wide
range of metallic materials. This technology is mostly used in the metallurgy and metalworking
industries. Here, a rapid and high-quality determination of the chemical composition of the
sample is required. For example, in foundries where molten steel samples are analyzed. As the
previous description suggests, no complex sample preparation is required. It is necessary to
have a clean and flat surface but can do without the necessary grinding and polishing. The
principle of this technology is based on the use of the UV-VIS electromagnetic spectrum, or
from 130 nanometers to 800 nanometers. OES can analyze a wide range of elements from
hydrogen to uranium in solid metal examples covering a wide concentration range, giving very
high accuracy, high precision, and low detection limits. [51; 52; 53]

The principle is based on the use of an electric discharge that is generated in an excitation
generator. The high voltage discharge ionises the atmosphere between the tungsten electrode
and the sample, this causes the atmosphere to become conductive. The atmosphere is made up
of an inert gas, most commonly argon. The gap between the sample and the electrode is in units
of millimeters and during the measurement a low impedance and stable current is generated. In
a short moment of time a discharge is generated which heats the material, then the material
vaporizes and ionizes. Two forms of electrical discharge can be generated. Either an arc-like
on/off event or a spark-like series of multi-discharge. Arc excitation consists of a continuous
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current flow for several seconds. In spark excitation this current flow is interrupted with a
specific frequency from 100-1000 Hz. After the electric arc and light radiation are generated,
the optical device captures the light, which is split through a diffraction crystal (grating) into
individual wavelengths corresponding to the element contained in the sample under
examination. The detector then measures the intensity and the specific wavelength. In the last
step, the computer obtains and records the intensities and evaluates them according to
predefined calibrations. The scheme of OES is shown in the figure 27. [53; 54]

Photomultiplier

Concave Tube

Holographic
Grating

slit

Pre-etched Assesmbly

Exit Slit

Entrance

Circl
ircle Slit

Glow Discharge Source

Sample

Fig. 27 Scheme of OES [53]

Every element emits a series of spectral lines corresponding to the different electron transitions
between the different energy levels or shells. Each transition produces a specific optical
emission line with a fixed wavelength or energy of radiation. For a typical metallic sample
containing iron, manganese, chromium, nickel, vanadium etc., each element emits many
wavelengths, leading to a line-rich spectrum. For example, iron emits just over 8000 different
wavelengths so choosing the optimum emission line for a given element in a sample is
important. The characteristic light emitted by the atoms in the sample is transferred to the
optical system where it is split into its spectral wavelengths by the high-tech grading, the
grading contains up to 3600 grooves per millimeter. Next the individual spectral line peak
signals are collected by detectors and processed to generate a spectrum showing the light
intensity peaks versus their wavelengths. This means that OES provides qualitative information
about the sample measured, however, OES is also a quantitative technique. The peak
wavelength identifies the element, and its peak area or intensity gives an indication of its
quantity in the sample. The analyzer then uses this information to calculate the sample’s
elemental composition based on a calibration with certified reference material. The whole
process, from pressing a start button or a trigger to getting the analysis results, can be as quick
as 3 seconds or it can take up to 30 seconds for a full accurate quantitative analysis, it all
depends on the analyzer used, the range of elements measured and the concentrations of those
elements. Compared to other analytical techniques, OES has many advantages: it’s fast and
relatively easy to use, it measures a wide range of elements and concentrations in many different
types of materials, including important elements such as carbon, sulfur, phosphorous, boron
and nitrogen. It’s extremely accurate when measuring low levels of trace and tramp elements,
and it’s low-cost compared to other techniques. For trace analysis of metals OES is the preferred
method, OES is also currently the only method which can analyze carbon and nitrogen on site,
out of the laboratory. [51; 53; 54]
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To evaluate the chemical composition of the Inconel 625 coating layers, two types of samples
were welded and prepared. As an approximation, the chemical composition was determined
using a Thermo Scientific Niton XL3t XRF Analyzer portable spectrometer (Fig. 28), on site
after welding. It was found that the first type of samples contained a dilution of the coating
layer of about 1% iron and the second type of samples contained about 5 % iron. Since the
analysis using a portable spectrometer is not very accurate, the chemical composition is
analyzed on an ARL iSpark Series Optical Emission Spectrometer (Fig. 29), which achieves
higher accuracy results. A more detailed technical specification is described in attachment 4.
This method was used because the samples being investigated are heterogeneous, as the base
material 16Mo3 is completely different from the Inconel 625 design.

Fig. 28 Niton™ XL3t XRF Analyzer [55] Fig. 29 ARL iSpark™ Series Optical Emission

Spectrometer [52]
A total of 8 samples were prepared for measurement, 4 pieces of each iron content in the surface
layer with a length of 40+2 mm, the length was chosen because of the working space of the
instrument. Sample preparation was carried out on a HERZOG HS 200 grinder (Fig. 30.) with
a HERZOG A24 F8YV grinding wheel (Fig. 31). The material was dressed at a thickness of 0,2
mm to create a sealing surface and to remove oxides from the surface that would distort the
results. A total of 3 measurements were taken on each sample, for a total of 12 measurements
for each sample type, as it shown in the figure 32.

HERZ!

Fig. 30 HERZOG HS 200 [56] Fig. 31 HERZOG A24 F8V Fig. 32 Sample after
analysis

The entire instrument must be calibrated before the actual measurement of the samples. OES
spectrometers are very sensitive devices and without maintenance and recalibration their
accuracy may decrease. OES spectrometers use relative value measurements, so it is important
that the amount and concentration of the substance is correct. Certified materials or reference
samples are used for this purpose. Reference samples are chosen according to the basis of the
material. In this case, a reference sample with a Ni-Cr base was chosen. To fine tune the
calculation, this procedure should be performed just before running one or more samples of a
given alloy type. Once the correct sample type has been obtained, the optimum level of accuracy
of the baseline calibration should be checked with the CRM before starting. The user must
ensure that he has a large quantity of recently prepared and easily measured materials ready, as
would be common when using control samples for recalibration. For all its advantages, type
standardization should not be used as a global correction technique for the analysis of materials
with significantly different chemical compositions.
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3.4.1 Evaluation of the results

Two types of samples were evaluated. For both types, the same elements were evaluated and
selected according to their influence on the properties of the coating layer. Inconel 625 has a
matrix consisting of nickel and chromium. The molybdenum, niobium and titanium content
were also monitored. Iron is evaluated as the most important element in terms of corrosion
resistance in the structure. The individual elemental contents of the structure are described in
the attachment 5. The average values of the elemental contents have been plotted on a chart 1.
The contents of the major elements nickel and chromium are very similar in both samples. The
same is also true for molybdenum, titanium, and niobium. The biggest difference in elemental
content is in the case of iron. In the samples I, the average value is 2,76 wt% and in contrast the
average value for the samples Il is 4,79 wt%.

Chart 1 Elemental composition of Inconel 625
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Next, the average values (x) of the individual concentrations were calculated. The standard
deviation (o) values, which describes how the individual measured values differ from the mean
value. Relative standard deviation (%), which describes the degree to which the values deviate
from the mean value. All values are described in Table 14.

Equation 2 average value:
n

f:%.in 3.1

where: X — average value of chemical composition [-]
x; — value of individual measurements [-]
n - — number of measurements |[-]
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Equation 3 standard deviation:

1 < (3.2)
_ ) )2
\ i=1
where: o — standard deviation [-]
Equation 4 relative standard deviation:
g 0100 (3-3)
x X
where: %— relative standard deviation [-]
Table 14 Values of AV, SD, RSD
[Yowt] Ni Cr Mo Ti Nb Fe
X 67,78287 21,40996 9,013903 0,183962 | 3,519779 | 2,764138
o 0,520874 0,186678 0,156939 0,003878 | 0,075448 | 0,702649
g 0,829643 0,871919 1,741082 2,107909 | 2,143554 | 25,4202
X
[Yowt] Ni Cr Mo Ti Nb Fe
X 61,75852 20,85678 8,683198 0,184282 | 3,142059 | 4,792178
o 1,463556 0,450628 0,265835 0,022861 | 0,053173 | 1,318084
g 2,369804 2,160583 3,061492 12,40553 | 1,558381 | 28,75695
X

From the results obtained from the measurement of the chemical composition of Inconel 625
drill bit, it can be found that the sample with 1%wt of steel in welded layer is better for practical
use. It achieves a lower dilution of iron in the structure with an average value of 2,76 wt%.
In contrast, the samples with 5 wt% of iron in the structure have an average iron content of
4,79 wt%, which results in lower corrosion resistance and a lower lifetime of the coating layer
on the membrane wall.

3.5 Analysis of macrostructure of base material and welded layer

All samples used in the experiments shall be specially prepared for the evaluation of,
macrostructure, microstructure, and microhardness. All samples were cut on a LECO MSX205
saw, which is shown in figure 33. The cutting wheel used was a Struers type 30A25 wheel,
which is shown in figure 34. During the cutting of the specimens, great emphasis was placed
on cutting force and cooling the material to avoid thermal effect on the material and thus
deterioration of the material structure, demineralized water was used as the coolant.

Fig. 33 LECO MSX205 [57] Fig. 34 Struers 30A25 [58]
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The specimens used for the determination of macrostructure, microstructure and microhardness
shall have a specially prepared surface which shall be ground, polished and finally etched to
show the structure. The specimens, which were cut on a ripping saw, were then lightly beveled
at the edges after cutting on a Struers LaboPol-60 grinding machine, which is shown in
figure 35. After the sharp edges of the samples were ground down, the samples were cleaned
in isopropanol and then handled in laboratory gloves until the end of the process. The samples
thus prepared were then split in half, where the first half of the samples were pressed into
bakelite pellets and the second half into iron pellets. The different metallographic pellets were
chosen because of their use on the optical and electron microscope. Another reason is for use
in etching, where samples pressed in bakelite pellets were used to etch the Inconel 625 structure.
Samples pressed in iron pellets were used to etch the 16Mo3 structure. The samples were
molded at a pressure of 2600 kPa and a temperature of 180 °C in a Struers Citopress-30 machine,
which is shown in figure 36. After crimping, the edges of the metallographic samples were
ground again.

Fig. 36 Struers CitoPress-30 [58]

Fig. 35 Struers LaboPol-60 [58]

The samples were ground and polished on a LECO PX500 machine, which is shown in
figure 37. Standard parameters were set on the machine depending on the type of grinding and
polishing wheel. The CAMEO Platinum 1 Blue wheel (comparable to 120 to 180 grit) was
selected as the first wheel. CAMEO Platinum 2 Green (comparable to 220 to 280 grit) was
selected as the second grinding wheel. The third abdominal wheel used was CAMEQO Platinum
3 Yellow (comparable to 400 grit). The last abrasive wheel used was CAMEQO Platinum 4 Red
(comparable to 600 grit). All the abrasive wheels used are shown in figure 38. The advantage
of using LECO machines and CAMEQ abrasive wheels is the standardized parameters, which
resulted in high quality scratch-free cuts. All samples were ground with individual pressure
for 3 minutes.

-

i p—

Fig. 37 LECO PX500 [59] Fig. 38 Grinding discs CAMEOQ Platinum [60]
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After grinding the samples, polishing follows. Polishing is performed in the same way as
grinding on the LECO PX500. Only the discs are changed, in this case a Brown Technotron
polishing disc, which is shown in figure 39, was used together with LECO PREMIUM GRADE
with diamond abrasive 3 to 1 pm. The samples were polished with individual pressure twice
for 2,5 minutes. After grinding, all samples were cleaned in the laboratory ultrasonic cleaner
POLSONIC SONIC-2 shown in figure 40.

Fig. 39 Brown Technotron [60] Fig. 40 POLSONIC SONIC-2 [61]

The last part of sample preparation was chemical etching. Since the samples are heterogeneous
in that they contain Inconel 625 alloy and 16Mo3 base material, it was very difficult to find an
etchant that would etch both materials sufficiently without damaging each other. As mentioned
at the beginning of this chapter, the samples that were pressed into the Bakelite pellets were
used to etch the Inconel 625 structure were etched with Marble (4g CuSO4, 20 ml HCI, 20 ml
H>0) and the samples pressed into the iron pellets to etch the 16Mo3 steel structure were etched
with 2%Nital. (a solution of HNO3 in C2HsO). All samples were etched between 10 and 20
seconds. The method of etching the surface of the samples was by rubbing.

3.5.1 Results of macrostructure

For the resulting macrostructure, specimens containing a circular section of Inconel 625 coating
material on a base material of 16Mo3 membrane wall were selected. The structures of both
the base material and the coating layer on both types of specimens. The main parts that
are monitored on the samples are the size of the thermally affected region, the structure, defects
in the thermally affected region, and defects in the transition between the base material
and the coating layer will be monitored. Defects in the coating layer are monitored, which may
include cracks, bubbles, imperfections.

Samples for macrostructure evaluation were photographed on a Keyence VHX-5000 digital
microscope. It has been shown in figure 41. The microscope is equipped with a desktop
computer for displaying the images and for manipulating the microscope. The Keyence VHX-
500 in our case includes the Universal Zoom Lens VH-Z20UR/Z20UT. It can also measure the
distances of individual points on a straight line, on a circle, this measurement is used when
measuring the size of a thermally affected area. The microscope has an HDR software program
to improve the image quality.

The stitching images program was used to create panoramic images. In addition, the microscope
has a 3D surface structure measurement capability, where stitching of many images with
a shallow depth of field is used, where the software stitches the individual images together
to create a 3D map of the surface structure.

The sample I for evaluation of 16Mo3 macrostructure was taken from the top of the semicircle,
which forms the functional part of the incineration boiler wall. The sample was photographed
in panorama mode to provide an overall view of the sample and to highlight the locations
of individual defects. As can be seen in the figure 42, there are cracks in the transition layer.
The image shows a thermally affected area.
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Fig. 41 Keyence VHX-5000 [62] Fig. 42 Panorama of welded specimen

The size of the heat affected area is shown in figure 43. The specifin shape may be due to the
specific welding parameters. The average size of the heat affected area is calculated by
arithmetic averaging, where the resulting value is 1,376 mm.

Magpnification: X30.0

Fig. 43 Measure of HAZ 1

The cracks are shown in Figures 44 and 45. The images were taken at 100x magnification. The
yellow areas around the cracks are visible, which are formed during the preparation of the
samples during etching. Sharp edges are visible near the cracks, which may indicate future
crack propagation and thus reduce the service life of the membrane wall coating.

< B st

: s s i
Fig. 44 Detail of crack | Fig. 45 Detail of craft Il

The sample I for the evaluation of the Inconel 625 filler material was created in the same
location as for the evaluation of the 16Mo3 base material. Again, a panoramic image of the
entire specimen was taken to locate the defects and the size of the heat affected area, which is
shown in figure 46. In this image, the light streaks from the illumination are not as noticeable,
as a different illumination level was chosen for the specimen. There are characteristic dark spots
on the coating layer that are caused by the reflection of the lens from the coating layer.
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Fig. 46 Panorama of Inconel 625 layer

A single crack was formed in the transition between the base material and the Inconel 625
coating, which is shown in figure 47. The vicinity of the crack is characteristic because of the
metallographic preparation of the samples. The image was taken under 100x magnification.

Fig. 47 Detail of crack in specimen |

According to the images above, since the individual pairs of samples were taken from the same
location, the errors are duplicated, or the errors that are in the images of the transition
of the 16Mo3 base material and the Inconel 625 coating layer are the same ones that are in the
images with the etched Inconel 625 coating layer structure. The discontinuities could have been
caused by rapid cooling of the individual layers, this could have led to rapid shrinkage and
crack formation.

The sample II for evaluation of 16Mo3 was taken from the top of the semicircle, which forms
the functional part of the membrane wall, was photographed in panorama mode to get a general
view of the sample and to highlight critical areas, the panorama is shown in the figure 48. In the
image, it can be seen the lighter stripes that are created by gradually moving the lens over
the sample area and the light that shines on the workspace will create the lighter areas
in the image. In the bottom left corner of the sample there are visible scratches that were created
when the sample was sanded, these scratches do not affect the evaluation. The heat affected
area can be clearly seen, which has a specific shape that is created by the welding process.

Fig. 48 Panorama of sample with 16Mo3 structure
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The sample was further examined in more detail under 50x magnification. No defects were
found in the structure of the base material 16Mo3. The size of the thermally affected region was
evaluated in figure 49. The average value of the thermally affected region was calculated
as the average of the measured values, which has a size of 1,369 mm.

$Magnification: X30.0 R ORGSR SR e

Fig. 49 Measure of HAZ

For the evaluation of macrostructure of Inconel 625 samples were taken from the same location
as for the evaluation of the base material. A panoramic image was created, which is shown
in the figure 50. The dark streaks in the structure of Inconel 625 are created by photography,
where there reflects the lens from the glossy structure of the layer.

Fig. 50 Panorama of sample with Inconel 625 structure

It can already be seen from the panoramic photo that there are layers of overburden between
the layers. This defect is shown in more detail in the figure 51, where a zoom of 100x is selected.
The dendritic structure of the coating layer can be clearly seen here, which is stretched due
to the gradient cooling in the direction of the layer thickness, and the transition boundary
between the layers can also be seen here, since the Inconel 625 layer was double layered.

Fig. 51 Detail of crack between the layers 100x
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The detail of the crack has been shown in the figure 52. The figure was created with a
magnification of 200x. It is possible to give a good indication of the crack edges from which
the crack could propagate further and thus reduce the service life of the overburden wall. In this
case, the dendritic structure of the material is even more noticeable and the continuity between
the layers can be clearly seen, as well as the fact that the upper coating layer differs in its
elongation, which is due to the different heat dissipation from the welding site.

G A -; ,»- Tﬁl" ey ‘85
Fig. 52 Detail of crack between layers

The last defect revealed in the macrostructure images is a bubble. This defect is located in the
welding overlay. The bubble was caused by rapid cooling of the welding overlay after welding
and it is shown in the figure 53. The figure was taken at 200x magnification. The source of the
bubbles in this case is most likely residual moisture. During welding, the material is heated to
a high temperature, which causes the gas inside the material to heat up and expand. As a result,
a bubble is formed, which can manifest itself in different shapes and sizes. Bubbles in the form
of defects in the material are undesirable because they weaken the strength and integrity of the
material. They can reduce the resistance of the material to mechanical stress and can also act as
stress concentration points, increasing the risk of cracks and material failure. The presence of
bubbles can result in reduced component life and reliability.
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3.6 Analysis of microstructure of base material and welded layer

A scanning electron microscope (SEM) is a complex, sophisticated device that consists of three
basic parts: an electron source, electron optics, and a part for detecting the products of electron
collisions with a given sample, as shown in the figure 54. With the SEM microscope, it is
possible to observe and characterize organic and non-organic materials, as well as to observe
not only the surface topography, but also to analyze the crystal structure, chemical composition,
and electronic properties of the sample down to a depth of 1pum. The resolution of current SEM
microscopes is about 1 nm and magnification up to 1 - 10°. The first SEM microscope was
designed in 1937 by scientist Manfred von Ardenne. The principle on which this microscope
works is more complex than its early predecessor, the TEM microscope. The TEM microscope
shines a beam of electrons through a given specimen, where individual atoms of the specimen
can be observed, but a small sample thickness is required. In contrast, the SEM microscope
scans a given surface in lines and the system converts the recorded signal into an image of the
sample properties. The probe with which the surface is scanned forms a beam of high-speed
primary electrons that is ideally focused on the surface by the imaging system. The detectors
are positioned above the sample. [63; 64; 65]
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Fig. 54 Scheme of SEM microscope [64]

Electron emission occurs at the cathode, which is supplied with a high negative voltage of 0,1
to 30 kW. The resulting electrons are accelerated by an electromagnetic field to the anode.
Tungsten tips or filaments are most often used as the cathode. A high vacuum must be
maintained throughout the process to prevent oxidation of the electrodes. The resulting
electrons are focused on the sample surface by an optical system. Electromagnetic coils
and lenses are used. The most important part is the condenser lens, which creates a parallel
parsec of electrons behind the anode. BSEA stigmator is used to eliminate lens errors and
apertures are used to capture scattered electrons. As mentioned above, a high vacuum is
required for good quality electron microscope images. The fewer particles there are in space,
the fewer the number of scattered electrons. Turbo vacuum pumps are used to create vacuum.
Detectors are used to capture the reflected secondary electrons. In a detector, the electrons emit
photons that have a characteristic wavelength according to the element, then the photons are
converted into an electrical signal. The detectors are placed over the sample. [64; 65]
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Electron sample interaction used electrons that are focused on the surface of the sample
and interact with it to produce different signals. Depending on the choice of signal detection,
the SEM microscope can observe the surface, the chemical composition, or the crystal structure,
for example. The correct signal detection is determined by the choice of detector. When an
electron hits the surface of a component, the electron penetrates below the surface of
the component and is scattered to form a signal. The volume of this sample where scattering
occurs is called the interaction volume and is shown in figure 55. This volume increases with
increasing accelerating voltage and changes with increasing atomic number. [64; 65]

electron beam

Auger's electrons

secondary electrons /

back-reflected electrons \ -
1 2 characteristic X-RAY
continuous X-RAY emission

SAMPLE : —» passed and diffracted electrons

Fig. 55 Scheme of interaction volume [65]

Secondary electrons are produced by collisions of the electron beam with the atoms of
the sample. The original electrons from the beam lose energy and transfer it to the sample atom.
The electrons are excited, and the sample is ionized. These excited electrons are called
secondary electrons. These electrons have low energy and can escape from a small depth in the
sample. They are used to show surface roughness and texture. The Everhart-Thornley detector
is used to detect secondary electrons. Backscattered electrons (BSE) are produced by elastic
collisions. These electrons provide additional information on chemical composition
and crystallographic structure compared to secondary electrons. Detectors used to detect these
electrons are like those used to detect secondary electrons but have shielding to eliminate the
presence of secondary electrons. Auger electrons are created when an electron is moved from
higher energy levels to lower energy levels to reduce the total energy, the excess kinetic energy
is transferred to another electron, which is then able to leave the atom, and this is called an
Auger electron. These electrons describe the chemical composition of the sample.
Characteristic X-RAY is characteristic of each chemical element. Thanks to X-RAY it
is possible to determine the chemical composition of a sample. The principle is like the Auger
electron, but the energy released is emitted in the form of a photon. As additional electrons can
detect passed electrons in very thin samples. [64; 65]

3.6.1 Results of microstructure

The same samples were selected for microstructure evaluation as for macrostructure evaluation.
The samples were chosen because we already know from the macrostructure evaluation what
to look for and where to focus the electron microscope. Samples were selected from the top of
the semicircle, where the microstructure of the Inconel 625 coating layer as well as the 16Mo3
base material will be observed. Areas of interest will include the individual structures found on
the samples, as well as defects that reduce the life of the membrane walls.
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An Apreo 2 scanning electron microscope was used to evaluate the microstructure and is shown
in figure 56. The Apreo 2 has an accelerating voltage of up to 15 kV at low vacuum, thus
achieving a resolution of up to 1,8 nm. At high vacuum it has an accelerating voltage of up to
30 kV, where a resolution of up to 0,7 nm is achieved. Apreo 2 includes a handling stage that
allows tilting about all three axes, thus achieving the ability to view the sample from all angles,
up to a tilt of 60°. ETD, DBS, low vacuum SE, EDS detectors were fitted as detectors. The
vacuum system reaches values up to 6,3:10°° mbar.

Fig. 56 Apreo 2 SEM [63]

In the previous chapter, which dealt with the macrostructure evaluation, it was found that the
structure of each material, whether it was the base material 16Mo3 or the Inconel 625 coating
layer, did not differ from each other. For verification, the individual samples were examined on
an Apreo 2 electron microscope, and it was confirmed that there was no structural difference
between the samples. The following section will focus on the evaluation of the microstructure
of both types of samples. Furthermore, the microstructure evaluation will focus on the
evaluation of defects. More information is described in attachment 6.

According to the macrostructure evaluation, it was found that the individual structures of the
Inconel 625 plating layers do not differ from each other. To confirm this claim, the samples
were observed under an Apreo 2 scanning electron microscope (SEM) where this view was
confirmed. Thus, in the following section, the structure that was better prepared for SEM
observation will be evaluated. Furthermore, defects in the form of cracks were evaluated.

First, the structure at the transition between the materials was monitored. In figure 57,
the 16Mo3 base material can be seen over etched on the right side. This was created during
preparation of the samples. A more contrasting structure of Inconel 625 can be seen on
the boundary, which is less etched further away from the boundary, this may be due as sample
preparation. The continuing structure continues to be more pronounced and there is clearly
visible increasing dendritic structure.
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det mode | HV HFW WD 0
Standard ETD = SE 10.00kV  12.0 691pm 6.9mm Inconel &

Fig. 57 Boundary between 16Mo3 and Inconel 625

The continuing dendritic structure can be clearly seen in figure 58. There can be clearly seen
the growth of the dendritic grains, which have a characteristic tree-like structure that is
distinctive in its shape, where main branch from which grow smaller perpendicular branches.
The elongation of the structure is due to the heat dissipation from the point of welding and the
re-heating when the second layer is welded.

HV HF
10.00kv  12.0 691pm  6.9mm

Fig. 58 Dendritic structure of Inconel 625

The transition between the layers of Inconel 625 coating layers clearly shows the change in
dimensions of the individual structures. This transition is shown in figure 59. The difference in
the shape of the structure is due to the welding process of the protective layer. During the
welding process, the material is melted and welded onto the underlying weld. The thermal effect
on the bottom layer results in recrystallisation of the bottom layer and slower cooling. Thus, the
bottom layer is not as stretched as the top layer, which is on the left in the figure. The upper
layer is stretched because of the rapid heat dissipation from the weld site and the individual
grains are stretched in the direction of the heat dissipation gradient.

Standard ETD | SE 10.00 kv

Fig. 59 Boundary between each layer of Inconel 625
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The top coating layer has more elongated grains for fast heat dissipation. The structure of the
top layer is shown in figure 60. The dendritic structure is less elongated directly at the boundary
between the layers and there is more elongation of the individual grains as the distance from
the boundary increases. The scratches that were made during sample preparation are visible in
the figure below.

usecase | det | mode | HV spot | HFW
Standard ETD SE 10.00kv  12.0 691Tpum 6.9mm

Fig. 60 Second layer of Inconel 625

The evaluation of the structure of the base material 16Mo3 was carried out in the same way as
for the coating layer. The material was examined under an Apreo 2 electron microscope. The
individual structures of the samples differed from each other only in the size of the thermally
affected region, but structurally they are identical. The complete structure was observed from
the boundary with the Inconel 625 filler layer to the base material 16Mo3, which was not
thermally affected.

Figure 61 shows the structure located at the boundary with the Inconel 625 overlay. The figure
shows the mixed structure. The mixed structure is formed during rapid cooling after welding.
The rapid heat dissipation from the welding site causes a structural change in the material where
there is a non-homogeneous heat dissipation from the structure, hence the formation of the
mixed structure. The mixed structure consists of martensite, bainite, residual austenite, ferrite,
and pearlite. The structure is very heterogeneous and hard.

et W WD R —

Standard ETD SE 10.00kVv 120 319pm 7.6mm

Fig. 61 Boundary between base material 16Mo3 and welded layer Inconel 625

Martensite forms when austenite cools rapidly below the martensite finish temperature. On
cooling, austenite does not have enough time to transform to other phases, such as ferrite or
pearlite, and transformation to martensite occurs. Martensite has a needle or rod microstructure.
The needles or rods are formed by atomic planes and have a specific shape. This microstructure
gives martensite its hardness and strength but limits its ductility and toughness. Martensite is
known for its high hardness and strength. It also has low toughness and is brittle, which means
it tends to fracture instead of deforming under stress.
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Bainite forms when austenite cools moderately rapidly below the martensite start temperature
It is the result of a diffusion transformation in which carbon atoms and other alloying elements
diffuse. This transformation is slower than the transformation of austenite to martensite. Bainite
has a fibrous microstructure, which consists of needle or plate crystals. These crystals are
composed of ferrite (a-iron) and cementite (carbides). The fibrous structure of bainite
contributes to its strength and ductility properties. Bainite provides a balanced combination of
strength and ductility. It has higher strength than ferrite but is less brittle than martensite.
Bainite also has a higher ductility than martensite, which means that it can exhibit a certain
amount of deformation before fracture. There are two main types of bainite - upper bainite and
lower bainite. Upper bainite forms at higher temperatures and has a finer fibrous structure.
Lower bainite forms at lower temperatures and has a coarser fibrous structure. The two types
of bainite have different microstructural properties and mechanical properties.

Residual austenite is formed when austenite, the iron phase, cools rapidly at high temperatures,
below the martensite finish temperature. As a result, some of the austenite does not have enough
time to fully transform and remains present in the microstructure as a residual phase. Residual
austenite is a metastable phase, which means that it tends to transform into other phases such
as martensite or bainite with time. This transformation can be caused by heat treatment, cyclic
stresses, or temperature rise. This structure has a typical austenite structure that is stable at
higher temperatures. It is a face centered cube structure in which the atomic planes are arranged
in a regular pattern. Residual austenite can be converted to martensite or bainite by further heat
treatment or cyclic stressing. This transformation can lead to a change in the mechanical
properties of the material, such as an increase in hardness and strength. Residual austenite can
be stabilized by a process called austenite stabilization. Stabilization involves the addition of
alloying elements, such as nickel, to the steel. These alloying elements can help reduce the
transformation of residual austenite and stabilize it at lower temperatures. The detail of
microstructure of mixed structure has been shown in figure 62.

us
Standard ETD SE 10,00 kV

Fig. 62 Detail of mixed structure

The mixed structure is also found further away from the boundary between the materials. At this
point, the heat dissipation from the site is slower, thus changing the structural composition
of the mixed structure. In figure 63, the darker areas can be seen which are grains of perlite
and the lighter areas which are grains of ferrite. Further, the structure contains martensite,
bainite and residual austenite. Details of each part of the heat affected zone and the base material
are shown in the attachment 7.
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usecase | det | m spot | HFW wD
Standard ETD SE 10.00kv 120 319pm 7.6 mm

Fig. 63 HAZ of base material 16Mo03

Figure 64 again shows a mixed structure. The difference can be seen in the shape of the
structure. It is not as needle-shaped as in the previous case, but the ratio of phases in the mixed
structure is different due to the slower cooling. A greater amount of pearlite and ferrite can be
seen, on the other hand, with lesser amounts of bainite and martensite.

3 AN A SR AT | 9
e ca mode HFW

S‘;r;dard ETD  SE 10.00kV 12,0 829um 7.6 mm

Fig. 64 Detail of HAZ structure

The mixed structure with increasing distance gradually forms into the structure of the base
material 16Mo3. The transition region is shown in figure 65. Here the gradual formation of the
ferritic-pearlitic structure can be seen. The structure is composed of ferrite and pearlite, then a
residual mixed structure containing martensite and bainite with residual austenite. On the right
side of the figure, it has been shown the normalization structure. On the left side of the figure,
the gradual disintegration of pearlite into ferrite and cementite is visible.

use case .é!e( mode | HV spot | HFW WD
Standard | ETD  SE 10.00kv 120 319pm 7.6mm

Fig. 65 Normalization and gradual disintegration of pearlite in base material of 16Mo3
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The material cools more slowly as the distance from the boundary of the coating increases.
Figure 66 and shows a detail of the normalization structure and disintegration of perlite.
Compared to the previous structures, there is a slow enough cooling to allow normalization and
disintegration of the perlite to take place. Thus, the structure is mainly composed of perlite
and ferrite.

us m spot | HEW /
standard  ETD | SE 10.00kV 120  829um 7.6 mm

Fig. 66 Detail of normalization structure

The basic structure of the 16Mo3 material is a ferritic-perlitic structure, which is shown in
figure 67. This structure is characterized by its lighter areas that are ferrite grains and darker
areas that are perlite grains. In the figure the grains are forming from a flake-like shape into the
original grains. The size also differs, with the grains in the heat-affected area being larger
because of the slow heat dissipation from the material causing the grains to grow. Black lines
are visible in the photographs, which are caused by the preparation of the samples during
grinding.

use case det mode HV spot HFW WD
Standard ETD SE 10.00kVv 120 319pm 7.6 mm

Fig. 67 Structure of base material 16Mo3

The last figure 68 is a detail of the ferritic-pearlitic structure. This structure is basic in this
material and is not affected by heat. Ferrite is a phase that consists of a cubic crystal structure
and contains a small amount of carbon. Ferrite is soft and ductile, which means that it deforms
easily and is resistant to fracture. In 16Mo3 steel, ferrite is present as a matrix that surrounds
the pearlitic regions. Perlite is a composite microstructure that consists of layers of ferrite and
cementite. Cementite is an iron carbide that is hard and brittle. The layers of ferrite and
cementite alternate and form a characteristic lamellar pattern. Perlite is relatively hard and
strong, but also has a good ductility. In the microstructure of 16Mo3 steel, perlite is present as
dispersed particles surrounded by ferrite. The ferrite-perlite structure is a combination of these
two phases and provides a balanced combination of strength, hardness, and ductility. The
ferritic matrix provides ductility and fracture resistance, while strength and hardness are
provided by the perlite regions.
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det | mode | HV spot | HFW
ETD | SE_ 10.00kV 120 829um

Fig. 68 Detail of ferite-perlite structure

The first defects that was investigated was the crack recorded in the macrostructure image. This
defect was recorded on a sample I The crack is located at the boundary between the base
material and the coating layer. The crack is shown in figure 69. A detail of the crack is shown
in figure 70.

Fig. 69 Crack between materials Fig. 70 Detail of crack in specimen |
Detailed view of the fracture boundary is shown in the figure 71. Here you can clearly see the
cracks and the boundaries from where thins can potentially spread. The next defect that was
investigated is a bubble in the welding overlay. In figure 72 is shown the detail of the bubble.
It can be seen that there are boundaries and potential crack propagation points from the bubble
boundary. This can reduce the life of the membrane wall. If bubbles are found in the material
during welding, measures must be taken to minimise their occurrence. This may include, for
example, better control of the welding process, additional pre-treatment of the material or the
use of appropriate welding techniques and protective atmospheres.

det | HV spot | HRW o g [y st s o
d__ETD__10.00kV 120 104 pm Standard __ETD | SE 10.00kV 120 829 pm 1.5 mm

Fig. 72 Detail of bubble
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The last defects that were investigated was located between each layer of the Inconel 625
coating in the sample 1. The crack formed between the layers is shown in figure 73 and a detail
of the crack is shown in figure 74. The crack is located at the boundary between the two layers
of Inconel 625. The boundaries of the crack show the boundaries of the individual dendritic
structures that were formed during cooling. The dendritic structure that has undergone reheating
can be clearly seen on the right side and the elongated grains formed by rapid heat dissipation
on the left side. The crack has sharp corners through which the crack could expand.

HW
10.00kY 120 | 414pm 710 mm

ig. 73 Crack between each layer of Inconel 625 . Fig. 74 Detail of crack

v e case det ode | HV
" standard | ETD  SE 1000kv 1 631pm 7.1

3.7 Analysis of microhardness test

In general, the hardness of a material is characterized as the resistance of the surface to local
damage due to the action of a foreign body. The individual hardness tests are characterized by
the shape and size of the intruding body, the magnitude of the loading force and the method of
evaluation. The Vickers test is one of the most accurate hardness tests. The test is described in
EN ISO 6507-1. The exact description of the test is described in the table 15. [66; 67; 68]

Table 15 Description of the evaluation of the test [68]

630 HV 30/20
630 Vickers hardness value
HV Hardness mark
30 Approximate value of the equivalent test load used in kgf (30 kgf=294,2 N)
20 Test load time 20 s (in the case of steel it is described if it does not lie in the range
of 10 to 15 s)

The test is most often performed at a temperature of 10 to 35 °C. In this method, an indenter in
the shape of a regular quadrilateral needle with a square base and an apex angle of 136° is used.
The resulting values are the lengths of the individual diagonals of the indentation in the material.
The standard EN ISO 6507-1 is only characterized for diagonal lengths in the range 0,02 to
1,4 mm. The method of measuring microhardness described below is used for smaller
indentations. Table 16 describes typical test conditions. After the applied load is relieved, the
lengths of the diagonals of the body impression are evaluated. The mean diagonal length is then
evaluated using the equation 3.4. To correctly evaluate the individual diagonals, the diagonals
must occupy 25 to 75 % of the microscope field of view. The resulting material hardness are
then determined using the attached tables. Figure 75 shows the scheme of the Vickers test [66]
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Table 16 Test conditions for Vickers hardness test [66]

Hardness test Low load hardness test
Hardness mark Nominal value of the Hardness mark Nominal value of the
test load F [N] test load F [N]
HV 5 49,03 HV 0,2 1,961
HV 10 98,07 HV 0,5 4,903
HV 50 490,3 HV 1 9,807
HV 100 980,7 HV 3 29,42
Equation 5 Average length:
_Li+ L, (3.4)
)

where: L, — average length [mm]
L, — length of the first diagonal [mm]
L, —length of the second diagonal [mm]

& %
136° between g N
opposite faces

Fig. 75 Scheme of Vickers test [68]

The material must be polished, smooth, flat, and free from any oil or grease. The preparation
itself must not thermally or plastically affect the surface of the material, which would cause
distortion of the resulting hardness value. The test material shall have a thickness of at least 1,5
times the mean diagonal length of the impression. There shall be no deformation on the reverse
side after the test. For testing materials such as lead or tin, a spacing of 6 times the average
length of the diagonal of the impression is required. The center of the impression must be at
least 2,5 times the average diagonal length of the impression from the edge of specimen. [68]

The Vickers micro-hardness test differs from the Vickers macro-hardness test in the magnitude
of the applied load and in the higher accuracy of the evaluation, since the indentations in micro-
hardness are orders of magnitude smaller than in macro-hardness. In the Vickers microhardness
test, the hardness of the individual structural components of the material can be measured. Since
orders of magnitude lower loading values are used, proper specimen preparation is required,
like the microscope for microstructure monitoring. The individual parameters of the
microhardness test are described in the table 17. [68]

Table 17 Parameters of Vickers micro-hardness test [68]

Micro-hardness test
Hardness mark Nominal value of the test load F [N]
HV 0,001 0,009807
HV 0,005 0,04903
HV 0,01 0,09807
HV 0,05 0,4903
HV 0,1 0,9807
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3.7.1 Results of microhardness test

The sample preparation procedure for microhardness evaluation is identical to the sample
preparation discussed in Section 3.2, except for the use of acids to etch the structure of the
individual materials. The samples chosen for the macrostructure and microstructure assessment
were the same samples from the tops of the semi-circular membrane walls. The individual
measurement parameters are described in the table 18.

Table 18 parameters of microhardness test

Method Load weight Distance Load time
Vickerse 100 g 180 pm 10 s

Vickers hardness values were obtained using the AMHS5 from LECO. This is an automated
device for measuring both hardness at low loads as well as microhardness. It is most used for
the analysis of powder surface metals, evaluating hardness in weldments, determining the
thickness of surface layers, e.g. For the determination of the surface finish after cementation,
nitriding, hardening, boriding or for the determination of the decarburization of a component.
This equipment operates in fully automatic mode, where pixel calibration, correction shading,
alignment, focusing on the surface to be measured and then measuring the hardness. More
information about LECO AMHS5S is described in attachment 8.

The first sample that was evaluated on LECO AMHS55 was sample 1. The evaluation of
microhardness will be carried out depending on the information obtained from previous
measurements of chemical composition and evaluation of macrostructure and microstructure.
The sample contains an average iron dilution of 2,76 wt% in the coating layer. The
microhardness map that was produced on the sample I is shown in figure 76.

Fig. 76 Microhardness map of specimen with 2,76 wt%

A maximum hardness of 496 HV was found in the alluvial layer. This value was found in the
first layer of the weld material, specifically at the boundary between the layers of the weld
material. The increased value of microhardness is due to the internal stress in the material
caused due to the heat introduction into the material and the subsequent drainage, which in
result caused the internal stress that was measured as microhardness According to the
microhardness map, compared to the previous sample, there are noticeably fewer areas with
such high hardness. This is due to the different welding parameters. The average size of the
microhardness in the welded layer is 198,4 HV.
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In the Base Material, a minimum hardness of 155 HV was measured, which, as in the previous
case, corresponds to the interval according to the material sheet of 16Mo3. The size of the
thermally welded area does not differ much from sample to sample, but it is noticeable that the
sample I contain a smaller area of material with a higher microhardness value. The highest
microhardness value in the base material reaches 254 HV, which is due to the welding process
that created a mixed structure at the boundary between the layers of materials, which, as in the
previous case, is formed by martensite and bainite, which increases the overall hardness of the
mixed structure.

The second sample that was evaluated on the LECO AMHS5 instrument was a sample II. The
evaluation of microhardness was carried out depending on the information obtained from the
chapters on the chemical composition of the Inconel 625 coating and the analysis of the
macrostructure and microstructure. The first sample II was tested. This sample achieves an
average iron dilution in the structure of 4,79 wt%. The microhardness map of the sample is
shown in figure 77.

Fig. 77 Microhardness map of specimen with 4,79 wt%

A maximum microhardness of 482 HV was achieved in the coating layer. This hardness is
achieved in the first layer of the Inconel 625 coating, specifically at the boundary between the
first and second layers of the coating. In figure 71 the increased microhardness is located where
the MIG-CMT arc was passed. Although this method guarantees a small thermally affected
area, it cannot be dispensed with. The increased micro-hardness is caused by the stress in the
material that is created by the heat just delivered, which creates mechanical stress in the
material. The average hardness in the coating layer is 346 HV. This value is influenced by the
higher iron content in the coating layer of the material and the heat supplied to the transition
layer between the different layers of the material. The individual structures of the coating layer
were observed under SEM microscope, but structurally these harder regions do not differ
from the others.

In the base material, the minimum hardness measured was 154 HV. This hardness corresponds
to the Vickers hardness interval according to the material data sheet. The hardness gradient
increases towards the boundary between the materials, where the highest value is 226 HV. The
magnitude of the maximum microhardness was due to the thermal welding of the base material
during the welding of the first layer of Inconel 625. In this region there is a mixed structure that
contains hard phases such as martensite and bainite, which form the main component of this
part and increase the hardness in this region.
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3.8 Analysis of tensile test

The principle of this test is to break the test specimen using uniaxial tension, primarily at an
ambient temperature of 10 °C to 35 °C, to obtain the basic stress and strain characteristics of
the test specimen such as: ultimate strength, yield strength, ductility, and contraction of the
specimen material. Using specific evaluation procedures, the modulus can also be determined
tensile elasticity or proportionality limit. In rare cases, the test may be performed at reduced or
elevated temperatures. Due to structural or chemical inhomogeneity, the influence the results
of this test, therefore care must be taken to ensure the correct location and method of sampling
of the sample. The sample should be chosen so that it adequately characterizes the material as
a whole and to include the properties of the areas that are most important from a structural or
technological point of viewpoint of view. It is also necessary to ensure that the sampling does
not affect the subsequent the properties to be tested. To comply with these requirements, it is
often necessary to use a larger number of samples. For most tests, the shapes, dimensions, and
processing of the specimen are prescribed by the standard. In most cases, the specimens are
circular, square, or rectangular cross-section. At the ends of the specimens there are called
heads, which are often larger in cross-section than because they are used to clamp the jaws of
the testing machine. This difference ensures that the fracture of the test specimen occurs in the
measured part of the bar, designated Lo. Examples of cross-sections and shapes of test
specimens are available in figure 78 below, showing the type of specimen which has been used
in test. Dimensions of specimen before the test (cross-section and measured length marked Lo
and So) and after the test (cross-section and measured length marked Lu and Sv). [67; 69]

OVERALL LENGTH

DISTANCE BETWEEN SHOULDERS
GAGE
GRIP SECTION =l
\
L E
e DIA. OR WIDTH-
GRIP SECTION

"REDUCED" SECTION
Fig. 78 Type of tensile tests specimen [69]

Using the initial measured length Lo, the test samples can be divided into proportional or non-
proportional test bar. For a proportional test bar, Lo refers to the original cross-section of the
test bar So and can be calculated using the equation 3.5. The coefficient of proportionality shall
preferably take the value of 5,65. This is the case when observing the condition where Lo is at
least 20 mm. The calculated Lo should then be rounded to the nearest to the nearest multiple of
5 mm. If this condition is violated, then Lo will be less than 20 mm, a proportionality factor of
11,3 or a non-proportional test bar must be used. [67; 69]

Equation 6 Initial measured length:

L0=k\/5_0

where: Ly — initial measured length [mm)]
k — coefficient of proportionality [-]
S — initial cross-seciton of the bar to be tested [mm)]

(3.5)
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In the case of non-proportional test bars, the length Lo is not related to So and these bars are
manufactured preferably in lengths L = 50, 80, 100 or 200 mm and widths of 12,5, 20, 25 or 40
mm. For specimens made of strip, sheet, or flat products in thicknesses from 0,1 to 3 mm, the
following are preferred. For wires, rods, or profiles up to 4 mm thick or diameter, Lo is selected
as 100 or 200 mm. The whole product is usually tested, so the test bar has an unmachined
surface. In the case of strips, sheets, or flat products over 3 mm thick and wires, rods, profiles
with a thickness or diameter of more than 4 mm, widths of 20, 25 and 40 mm and lengths of Lo

80 and 200 mm are used. [67; 69]

3.8.1 Tensile test procedure

Figure 79 shows a diagram with a significant yield strength. This diagram is typical of annealed,
unrelieved steel. Figure 80 shows a diagram with an insignificant yield strength, which is typical
for annealed quenched and tempered steel. Both diagrams are divided into four phases. [67]
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Fig. 79 Diagram with significant yield strength Fig. 80 Diagram with insignificant yield strength
[69] [69]

In the first phase is a region of elastic deformation where the tested bar elongates in direct
proportion to the increasing applied force. This deformation, which is elastic only, is shown in
the diagram as a straight line. This means that when the applied force is removed, the test bar
shortens to its original length. value. The first phase ends at the so-called limit of
proportionality, which is denoted by Re. In most cases, practical measurements in the laboratory
do not determine because of the difficulty of finding the point where elastic deformation

becomes plastic. [67; 69]
The second phase is located between the proportionality limit and the so-called yield stress,
marked depending on the type of diagram, as Re or Rpo.2. The deformation in this phase is only
plastic and occurs there is a difference between a diagram with a significant yield stress and
one with an insignificant yield stress. The elongation of the tested bar no longer grows linearly
with increasing loading force. As can be seen in figure 73, when the so-called yield strength,
denoted as Re, is reached (in figure 73, the force at the yield strength Fk), the elongation
continues without further increase in the loading force and thus a lag occurs. If this delay is in
a larger section, the force on the upper yield strength can also be discerned in figure 73 Fen and
the force at the lower yield point FeL. In figure 74, the case where the nonlinear deformation
transitions smoothly from the second phase can be seen to the third phase, which is the so-called
inelastic yield stress. In this type of diagram, the second phase is terminated by a contracted
yield stress, denoted as Rpo.2 (in figure 74 denoted by the contracted yield stress Fpo.2). This
strain is commonly given as 0,2 % of Lo and is therefore equal to 0,002-Lo. [67; 69]
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In the third phase, homogeneous (uniform) plastic deformation occurs. The area of this of
deformation begins above the yield stress and ends at the strength limit, denoted as Rm (denoted
in figure 73 as the force at the interface Fm). This phase is characterized by uniform permanent
deformation of the test bar over the entire length measured up to the point where the loading
stress reaches the ultimate strength (Rm) and a constriction, called a neck, is formed. Thereafter,
there is no longer a uniform deformation (end of the third phase), but only the area where the
constriction occurs is deformed. [67; 69]

Phase four starts at the intermediate strength Rm and ends with the breaking of the tested bar.
In this last area, the test bar is no longer extended along the entire measured length, but only in
the neck area up to the breaking point. After breaking the two parts can be brought together
again and the maximum size of the permanent elongation of the test bar ALu according to the
equation 3.6. [67; 69]

Equation 7 Total elongation of the tested bar (3.6)
AL,=L,—-L,
where: AL, — total elongation of the tested bar [mm]

L, — final measured length after breaking [mm]
Ly — initial measured length [mm)]

3.8.2  Basic evaluated parameters

Ifthe yield strength is exceeded, only plastic deformation of the bar. The bar under test is further
elongated without increasing the load force. As mentioned above, in the second phase, it is
possible to distinguish materials with a significant yield strength yield strength (Re) and with a
non-significant yield strength (Rpo.2). The yield strength can be expressed by the ratio of the
loading of the yield stress to the original cross-section of the tested bar. Equations has been
described below. [67; 69]

Equation 8 Tensile yield strength:
E
R, =— 3.7
So
where: R, — significant yield strength [MPa]
F, —load force [N]
S, — initial cross-section [mm?]
Equation 9 Tensile yield strength:

Fpo.2
Rpo2 = Z._ (-8)
0

where: Ry, — insignificant yield strength [MPa]
Fp0.2 —load force [N]

Tensile strength Rm is a contractual value which can be expressed by equation (3.9). It is the
proportion of the maximum measured loading force during the test and the initial cross-section
of the bar to be tested. [67; 69]

Equation 10 Tensile strength:
F, (3.9)
"5
where: R, — tensile strength [MPa]
F,, — maximum load force [N]
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Ductility A refers to the relative elongation of the bar under test, expressed as a percentage of
the original measured length. The relative elongation can be calculated according
to equation (3.10). [67; 69]

Equation 11 Ductility:

L,—L (3.10)
A =”L—°- 100

0
where: A — ductility [%]

Contraction Z indicates the percentage ratio of the difference between the original and final
cross-sectional area (after breaking) to the original cross-section of the bar under test. This ratio
is shown in equation (3.11). [67; 69]

Equation 12 Contraction:

Sg—S (3.11)
0 _"%.100

0
where: Z — contraction [%]
S,, — final cross section [mm?]
S, — initial cross section [mm?]

3.8.3 Results of tensile test

In tensile testing, the yield strength and ultimate strength of 16Mo3 base material samples and
Inconel 625 coated 16Mo3 base material samples were evaluated. Three specimens are with
Inconel 625 overlay with iron dilution of 2,76 wt% as determined by chemical analysis and
16Mo3 base material. The other three samples are 16Mo3 base material only. The samples were
prepared on a plasma cutter. Since the values to be determined are yield strength, ultimate
strength and maximum loading force and ductility is not required, the specimens are notched to
better indicate the crack at a specific location on the specimens.

7ZD40 hydraulic testing machine was used as the testing equipment. The test rig is
multifunctional as it can perform tensile, compression and bending tests up to 400 kN. It is
equipped with an EDC 60 control unit. The machine parameters are further described in
attachment 9.

The first material tested was the base material 16Mo3. Three samples were tested. The values
found were yield strength, tensile strength, and maximum load force. The values obtained were
entered in Table 19.

Table 19 Parameters of 16Mo3 steel

Parameter Unit 2.1 2.2 2.3 average value
Tensile strength R, [MPa] 526 524 526 525
Tensile yield strength R, , | [MPa] 405 397 414 405
Maximum load force F,, [N] 47316 | 45886,4 | 44964,8 46055,7

The average values that have been calculated from the values found in the work are compared
with the values from the material sheet in attachment. 1.The yield strength and the ultimate
strength are within the range given in the bill of materials. The progress of the individual
measurements is included in the chart 2. The vertical axis shows the stress calculated from the
maximum loading force divided by the original area of specimen.
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Chart 2 Tensile test graph of samples of 16Mo3
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In the second case, samples with a coating of Inconel 625 were tested. Three samples were
tested as in the previous case. The obtained values of yield strength, tensile strength and
maximum load force were recorded in Table 20.

Table 20 Parameters of specimens with welded layer

Parameter Unit 1.1 1.2 1.3 average value
Tensile strength R, [MPa] 684 622 655 654
Tensile yield strength R, , | [MPa] 532 461 498 497
Maximum load force F,, [N] 50842,8 | 67875,2 | 82320,8 67012,9

In this case, a plot of the individual voltage dependence on elongation was again created and
entered the chart 3. The average values of yield strength and ultimate strength were also plotted.
As in the previous case, the stress is recorded on the vertical axis and is calculated as the
maximum loading force divided by the half surface area of the specimen. Each chart of tensile
test is shown in the attachment 10.

Chart 3 Tensile test graph of samples with welded layer

800
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4 CONCLUSION

The focus of the research part of the thesis was the analysis of designs created using welding
parameters in the form of synergies recommended by the supplier of welding resources. The
results obtained from the analysis of the chemical composition served to verify the correctness
of the use of each welding parameter. The average value of the dilution of the weld layer with
iron reached values of 2,76 % and 4,79% for the individual samples. For practical use, the lower
the iron content in the structure, the higher the lifetime of the coating layer.

The analysis of the macrostructure served to determine whether the parameters used produce a
surfacing of sufficient quality and to determine the amount, size of defects and to identify areas
for the evaluation of the material microstructure. The macrostructural defects were in the form
of pores that were formed during the welding process. A reduction in the number of defects
could be guaranteed by changing some welding parameters. The resulting size of the thermally
affected area did not differ much from each other, reaching an average value of 1,38 % and
1,37 % for the samples.

The microstructure was mainly evaluated to see how the material behaves during the two-layer
welding process. An important piece of information was the shape of the dendritic structure
when thermally affected during the welding process. The mixed structure was observed in the
base material and the transition to the base material, which was without thermal influence,
where the ferritic-perlitic structure was found. The defects were also monitored to determine in
what form they are found and whether they influence reducing the life of the coating. The
information obtained from the analysis of the chemical composition and microstructure of the
material was used in the microhardness test.

Microhardness maps were produced, and it was found that the specimen with higher iron
content in the structure and therefore using different parameters achieved higher internal
stresses, which was found to be higher at the boundary between the layers of Inconel 625. The
highest value of microhardness of sample I was in the coated layer 496 HV, and in the base
material 254 HV. The average value was 198,4 HV and minimum value in base material was
155 HV. In the sample II was the highest value of microhardness in coated layer 482 HV and
in base material 226 HV. The average value was 346 HV and average value was 226. The
differences are small, but the residual stress is different due to welding process parameters.

Tensile testing was chosen as the last test. Here the task was to determine the magnitude of the
yield strength and ultimate strength of the base material and the combination of the base
material and the superstrate. Tensile diagrams were produced, from which it was immediately
apparent that the specimens with a coating layer achieved higher values. For the base material
16Mo3, the yield strength and ultimate strength averaged 405 MPa and 525 MPa respectively.
For the Inconel 625 coated samples, the yield strength and ultimate strength values were 497
MPa and 654 MPa respectively.
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Mark Legend Unit
As Ductility %
At Atomic weight -

a Grid constant mm
E Tensile modulus GPa
F Force N

Fe Load force N
Fm Maximum force N

G Shear modulus GPa
k Coefficient of proportionality -

Lo Initial measured length mm
L Length of the first diagonal mm
L, Length of the second diagonal mm
La Average length mm
Lu Final measured length mm
n Number of measurements -

R Electrical resistance Q
Re Significant yield strength MPa
Rm Tensile strength MPa
Rpo,2 Insignificant yield strength MPa
So Initial cross section of the bar to be tested mm?
Su Final cross section mm?
T Temperature °C
Tr Melting point °C

X Average value of chemical composition -

X; Value of individual measurements -

Z Contraction %

y Material phase gamma -

) Material phase sigma -

n Material phase eta -

o Standard deviation -
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Attachement 1 1/1

Chemical composition of steel 16Mo3

16Mo3

Heat-resistant pressure-vessel steels

Mztzrial no- 15415
accarding o OIN-EN ¥di2e-2
Tensile strength class B

Mechanical propertizs*!

Hom- thick emmm_ Yield streagth Be in APa

General

Thesa stesi grades are characterised by &
good weldability. They are usad above 2l for
mrvfacturing boflers, pressure vessels and
pipes transporting hot fiquids.

The user of thase steel grades must make

< 1k FYa]
=1E =M

Tenzile stength R, in MPa
iyl - 580

Total elongation & in %
=27

Temperature in “C Motch impact energy® inJ

sure that his calculstion, designand procesy- 3 =5
singmethode are appropriate forthemate- 0 A
rial. The grades of thizseries offer good cold -2 L
and hot-forming properties.
Test Yicidpoint atelew temp R nMPa
temperaurzin™ =18 mm = I mm
Chemical composition??! 500 2778 =768
[in parcent by weight] oo =784 =250
150 =5l =155
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5 02 020 250 223 =2
= 035 Jnn =M% =100
Mn 050 080 ] =I5 =72
P 0925 4 =158 =158
2 g 450 =14 =145
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Cu 30
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Mi 03 5} Mverage values of I samptes; ane individual wlee may
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1) Heat analysis
2} The Al-cantent of the meRing is & determing and in
indicate in the certificatian.

) & lower Ce-coatest and @ maximsm e contem may
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SALZGITTER
FLACHSTAHL

B @wmiar uf 100 Balgghiner drne

(:

than 38 %. The sample widzh shali equal the prodest
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tests are perfarmed by usiag samples similar 1o
Charpy-¥-camples: The valaes specified in the table
mbane me to bee reduced propartfanely a the sonple
width.

B| A valiz can beagreed oo in the request and order.

SALZGITTER
FLACHSTAHL

A Aembor of the Saizgitter Graup

Welding

The steel grades of this series may be wel-
ded by means of the uzual welding tech-
niques.

Condition of delivery, zcope of
testing and certificate

The provisions of DN EN 10028-2, chapters
B_Z2and @ shell apply for delivery and inspec-
tion. The steel grade 1GMod is delivered in
the a=-rolied condition; the test i= carried
out onsimulating heattreated samples{nar-
malized).

Test certificates according 1o IINEN 10204
can besupplied as follows: EOF, rematedata
tranemission, fax, e-meil, paper.

itter Flachstahi GmibiH f Eisenkdttenstrafe 99§ 38739 Snbgitter
PRENE ~50f0y53 & 7 28 50 7 FAX -£04D}63 &1 2185 36 ¢ MBI Slachs:ahlgrsatgitter-ag.de

www safrgitter-flachstshl 3o

Salzgitter Flachstahl 1Mo Seite Ivon 2 Stand: D&/ 3022
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Attachement 2 1/1
Chemical compostion of AX 625

ALUNOX ’l~

walding alloys oroup

AX-625
AX-2.4831
EM IS0 18274 S Ni 6625 (NICr22MoSNb)
Werkstoff-Mummer 2.4831
AWS AD.14 ERMICIMo-3
Anwendungsgebiet

Schweiistaty Drahtelekirode aus Mickel-Chrom-Molybdan-Legierung zum WIG - bzw. MAG-SchweiRen
von arigleichen und artahnlichen Mickellegierungen, kalizahen Nickelstahlen und artverschiedenan
Verbindungen for Betriebstemperaturen bis 1000°C; katizah bis -196°C.

Besondere Hinweise

Sauberkeit des Werkstockes im SchweiBnahtbereich ist Voraussetzung for eine rissfreie Verbindung.

Bei dinnen Blechen und bei WurzelschweiBungen ist Unternahtschutz erforderlich. Bei V- und X- Nahten
solite der Offnungswinkel mindestens 70° betragen. MIG — Drahtelektrode bevorzugt im Impulslichtbogen
verschweiBen.

Wegen Versprodungsgefahr zwischen 6800 und 850°C ist dieser Temperaturbereich zu vermeiden.

Zusammensetzung des Schweifstab/Drahtelektrode (Richtwerte in %)

Ni c cr Mo Mn Si Nb+Ta Fe
Bal. 0,02 22 8.0 0.2 0.2 3.3 1,6
Wichtige Grundwerkstoffe

Mickel-Chrom-Molybdan-Legierungen, z.D. MiCr 22 Mo 9 Nb (2.4858), NiCr21Mo (2.4858), NiCr22Mo&Cu
(2.4618), NiCr22Mo7 Cu (2.4617), X1NICrMoCuN25-20-7 und thre Verbindungen mit un-, niedrig- und
hochlegierten Stahl'Stahigul sowie for korrosionsbestandige Plattierungen. Kaltzahe Nickelstahle, z.B.
X8MNi9 (1.5662) und Schwarz-Wei-Verbindungen fir Betriebstemperaturen Ober 300°C.

Inconel 625, NiCrofer 4221hMo, Hastelloy G, Hastelloy G3, Incoloy 800, UNS N0B625, UNS NO8825,
UNS NOBS26, UNS NOB304

Werkstoffeigenschaften
Schutzgas Argon Mechanische Glutewerte des
Warmebehandlung unbehandelt SchweiBgutes nach EN 1SO
Prifte mperatur 20°C 157921

0.2%-Dehngrenze Hpa:z MPa 500

Zugtestigkeit R, MPa 760

Dehnung A (L= 5do)% [%:] 35

Kerbschiagarbeit Av [J] 110

Anwendbare Schutzgase (EN 1SO 14175)
WIG: Argon 11, MAG: M12 {Ar+309:He+0,5%C0,). Ar+28%He+2%H:+0.05%C0;

Zulassung

{Aktuellen Umfang bei Bedarf anfordern)

Lieferformen
Spulen @ mm 0.8 1,0 1.2 1.8
Stabe [ @ mmx 1000mm 1.6 20 2.4 32

Weitere Abmessungen auf Anfrage

Stand 022013
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Attachement 3
Welding procedure specification — WPS

1/1

VUT FS1 WPS Waiding Procadurs Specification pars el WPS-0001 s
ERKD specdlkacs svafovaning poclupu renrunn 20.4. 2023 [ rpme 111
Welding Procecselcda: 135 SupportngiEouvica)is] WRAR:
i of e Tip ananc EW Azicancoidcias
5 g M.A
s s erarit 323
[Eace metal / Zakladni matertat:
wesai it TEMO3 ArcavEh 1 ThksesThits T m Dumsids Dl AT -] mn
mk sl E B Al 1 ThckeasTodts T M orsis D A ¢ 5 mo
o EN 10428-2
Flitar Maserial § Svafowsol materidl: Das | Pryn; & e ® i
EN 130 18374 | Sl wAn i Crondgon NG 18 &
Eacengl sxiesr 1 A WA B
ALUMOY AX-BIE Truiling ool i HLA. H.A. i
S i Sarark ik = with &34 EN 150 14176
18 rmm E ]
e Trod £ PR urndno-fe s M.A
fovping o P B Rkt wat caat A Fociton | Porioe:
fracascaniimaa rmceaDio Ciea PG ]
£8M EN 120 84T
Weiding Sequences | Portup cvafovant: Joir Deeign | Tvar cpojs:
Franeat | Fledehfey:
o e Tacn Tacices phecabims -pn [ Poat simarmpTaies Coating dbar i Aot ao [ Tam Campmat pione
H.A T miae 168 T HA T k Gt alr
klidny vzduoh
Fost Waid Heat Treatment | Tepeing Tpraccvinl po ewalovank ]
TP TiE: TenosaveaTavcn | T ENELEN SRR, | Cacaing . i
- . o o
[Taznnlqua  Teahnilka cvatcyant:
rangme FLMEaresd sk MA mm T Tre of Baad Tew Sousaaiy i wiring - rovnd t
jrogs Fracanscronse o M iias g ¢ enia i TEE r
Jsaras v 2 mannatetcs civind - mecharioal | mecnanioky FLikegFusna i, R ¥
e of Puch Gasginglniieuin e MLA Sacdaric s Cuainoa i MR 3
Welding Paramaters 2 vnfnﬂ.n:i:\ammq:ry'
e Prucaan e M P e Tl TrpaTrany Atrapa T [T Wil wat (mema | Tmwl Soass wmumnd
[y reee v Camturadaiduss T ol " ] k! B mdsh | Fpoblor oo v
1 13 12 ALUINOX AX-336 [ 1aa 17 g 0.7
2-n 136 1.2 ALUINGX Ax-835 DTl 130 17 B4 w7
Fismarks [ Fornimiy
[Tack weiding shaf be performed acconance with WP,
Mot Peening during amd afi=r weiding.

Frapes (Mas Daw Sgnaes

g e s podpal Ec. Daniel Chrast 2042023 Semli (e semn padaan

Appmies (uame Dae Sgnaness

Ing. Jamsiay Kobllek, WE
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Attachement 4 172

Technical specification of ARL ISpark

NN

Optical Emission Spectrometer

ARL iSpark Series

The Thermo Scientific™

ARL iSpark™ Series is a high-
performance optical emission
spectrometer platform based on
the famous Thermo Scientific
one-meter vacuum PMT optics
and innovative technologies. The
ARL iSpark Series answers the
needs of the differant market
segments of the metallurgy and
brings an optimum solution for
everyone. If offers high accuracy,
sensitivity, precision, stability and
relability.

TECHNICAL SPECIHCATIONS

PMT optics

Orne meter Paschen-Punge mounting vacuum spectrometer

Special cast won body, temperature controlled at 36 °C +01 °C

Primary optics: heated focusing lens made of MgF,, CaF, or fused sdica,
depending on appication

Ruled gratings: 1080, 1667 or 2160 grooves/mm, appropnately selected
for the analytical task

Primary sht width: 20 pm

Secondary slit width: 25, 376, b0 or 75 1m

Lip to 80 photomultiplier tubes (PMT) detectors

PiT=: 2 28 mm, side-on-type, 10-stage, windows: Mgl UV glass, borosilicate
glass or synthetic siica approprately selected for the specihc wavelength
Wavelength range depending on grating and diffraction order, selected
for optimum resclution and sensitivity

Dhifraction order selective filiers in front of PMTs for grabings with 1080
and 1667 grooves/mm

Spark stand

Stand cover with ergonomic design for easy operation with masamal
operator securty

Maximal sample size: 250 mm width x 250 mm depth x 150 mm height,
maximal weight 10 kg

ThermoFisher

SCIENTIFIC
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Attachement 4 2/2

Technical specification of ARL ISpark

« Sample clamp with ergonomic design

»  Wear-resistant stainless steel analysis table with
quick fastening system; no tools needed for
azzembly and dismanting

*  [esgn aflowing argon savings and reduced martenance

«  Smart Argon Management (SAM) with programmable
argon fiows and argon saving ECOmode

*  Argon flows can be different for each phase of the
analytical sequence (flush, pre-burn, integration).
Optimized for each appication, between 2 to 5 min
{typically 3 [fmin) in analysis and 0.4 fmin n stand-by
requiring the minmum argon consumption

* frgon pulses after analysis for improved dust
evacuation and instrument autonomy

*  Flectrode: & 1.4, 4 mm or pin electrode according to
application; 2 mm analytical gap

Control electronics

* [nstrument master control board (IMC) controlling
all spectrometer functions, data flows and
communication with CXSAS analytical software

Spark generator
* inteliSource, current controlled, doubde current
source [i.e. a double CCS) for high shape flewbality
and reproducibility
» \eciored spark shape definifion, up to 200 A and
2500 p= single spark duration
s Spark short-circuit [DISC) to improve spark repeatshility
Acquisition electronics and algorithmics
* Programmable high voltage setiings: -300 to <1000 V
for each channei
s  For each channsl
- Very low noize time gated differential integrator
allowing PMT dark current and electronic offset
subtraction
—  TGA (Time Gated Acquisition), a ultrahigh
precizion (100 ns) TAS from 2 to 8000 u=
- ADC bit depth: 20 bits
—  S5BA (Single Spark Acquisition) and storage
—  FAST {Flexible Acquisition STart/stop) algonthm,
for usage of optimal single =parks subsets
s DISIRE [Diffuse Spark Intensity FEmoval) algorithm
for improved accuracy

Find out more at thermofisher.com/ispark

©2017 Thaims Fithe SdamiSe me. AF fghts réseresd. Al Tradematks are Be pioperty of Theemo Fishér Scisntific. This
information & presenled & an sample of e mpatiilias of Thema Fisher Sdemfc poducts. N I8 hal infended bo sncoutage
s of ese products b any rmanrer Sl might infringe B ntsllectial properdy fghts of oferns. SpeclcaSons, leme and pridig

#»  Spark-DAT methods for determination of scluble/
inscluble concentrafion and for inclusion analysis

Vacuum system

» Hotary pump for wavelength rangs down to 170 nm
with speed control for reduced electncal consumption

»  Membrane pump combined with molecular pump for
operation down to 119 nm

Dimensions and weight

»  [Dimensions: 1750 m length x 860 m width x 1200 m
height {inches: 68.8 x 33,9 x 47.3)

»  Weight: appros:. 500 kg net (1100 Ibs), 570 kg with
pallet (1260 lba}

Requirements

+  Ambient temperature: 168-30°C (B2-85°F); maximum
rate of change £5°C/hour

*  Relative humidity: 20-80%

» \oltage 230 V {+10% to -15%), single-phase with
protective ground (2.5 kKVA regulator required if
fluctuations exceed +10%)

= Current: 104, including PC, screen and prnter

»  Frequency: B0 or 60 Hz

*  Grounding: < 1 Ohm

= Argor: = 58.988% maximum 5 ppm axygen
{maximum 2 ppm axygen for samgples with high
Si content). Optional argon puriier avallable and
recommended for low carbon analysis. For VUV lines

{carbon, nitrogen, axygen, chlorine, hydrogen), argon
purifier recommended

Consumption

#» Electncal power: 1 kWA

= Argon: typically 3 IF'min, during analysis, 0.4 min in
stand-by and down to O I/min in ECOmode

Compliance to norms

»  2006/95/EC: Low Voltage Directive (LV)

o  2004H08/EC: Electromagnetc compability (EMC)

»  2011/B5/EL): Bestriction of the use of certain
Hazardous Substances in Electneal and Electronic
Equipment (HoHS)

+  20M219EL: Waste Blecincal and Bectronic
Equipment (WEEE]

SCIENTIFIC

e sibject in change. Mot &l prodiscts are svalalin in B courils, Pease shisull joul el sslis iepresentstive lor delally

PE41207-EN 0017

ThermoFisher
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Attachement 5 12
Chemical composition of welded layer

Run Info|
Ni%) fal s_.l of [ Mn| o Mo| V] cuf v_vl i Co| Al B Nb| Ta[ mg[ Fe| s 2]
Matrix co2_1|_sio1 1] _se1 1| __po1_a] mno3 1] cros 1] moos 1] w3 1] cuos_1] woz 1] Tioa 1] coor_1] Awr 2| Bor 1] Nbor 1] Tao4 1] mgo1_ 1] Feor 1] snoz 2] zro3 1|
I3 NS mNs  Ns WS s INs NS NS INs NS NS INs NS NS INs NS NS INs NS s
% % % % % % % % % % % % % % % % % % % % %

2__ 60.33067 003239 008589 000335 000452 005035 2042642 B.57455 001591 002194 001688 017338 001852 005123 0,00204 332614 001536 0.01013 683676 0,00375 -0.00074
2 60,6525 003331 0,08829 0,00349 0,00456 0,04746 2060028 5.66812 0,01602 002138  0,0178 017654 0,01926 004847 0,00206 338275 001539 0,01035 618857 0,00337 -0,00046
2 60.18568 002959 008753 000333 000438 00501 20515 857408 001594 002193 001667 01728 0.0189 005527 0.00204 3.3213 001574 001014 689661 0,00362 -0.00067

0 0 0 0 0 0 0 0 0 0 0 [ 0 0 0 0 0 0 0 0 0
60,38962 0,03193  0,08723 0,00339 000449  0,0493 20,5139 860558 0,01596 0,02175 0,01711 0,17424 0,01889 0,05166 0,00204 3,34339 0,01569 0,01021 6,64065 0,00358 -0,00062
0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0
0238928 0.002149 0,001226 0,000085 0,000095 0001601 0086934 0,054161 0,000057 0,000319 0,000603 0002016 0.000368 0.003421 0,000011 0,034164 0,000288 0.000123 0.332651 0.000193 0,000149
04 673 141 25 21 3% 042 083 036 147 353 116 195 662 052 102 183 12 591 54 2399
U(95 %) 0 0,004353 0,004487 0,000444 0,000423 0,003759 0,18808 0,119938 0,001347 0,001336 0,005001 0005985 0.003099 000695 0,000197 0.068869 0,002737 0,000789 0,788298 0,003899 0,001126
Last SCT Value| 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0
Nom. SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Run Info
[ si[ s[ P Win] = Mo| [ cdf w | cof | 3| Nb| Ta| Mg Fe o 7|
co2_1|_sior_ 1| _so1_1] _por_1]| mno3 1] cros_ 1] mooa 1| wo3 1] cuos 1] wor_1| Tio3 1] coo1 1| awr 2| Bo1 1| wbo7_1] Ta04 1] mgor_1]| Feor_1] snoz_ 2| zr31|
INS INS NS NS NS INS NS NS IS INS NS NS IS INS INS NS NS INS INS INS
% % % % % % % % % % % % % % % % % % % %
2 57,86384 0,17899 0,0809 -0,01308 -0,00574 0,0203 30,15763 4,10392 0,00468 0,00447 -0,02635 033652 -0,01827 0,01912 0,00446 693577 -0,00848 0,01042 039297 -0,0015 -0,04058
2__ 6129415 002625 008643 0.00351 0,00435 004021 2092084 875161 00161 001905 001673 01769 001949 005269 000205 341124 001385 001031 51289 000334 -0.00026
2 6176448 0.0266_0,08519 0.00363 00043 003675 2110534 8.90109 0.01614 001801 001759 0.8113 00197 005137 000207 347747 001317 001043 426293 000257 -0.00001
Grade High 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Average| 60,63496 0,06491 0,08418 0,00066 0,00174 0,03385 2337448 T7,60628 0,01321 0,01499 0,00569 021795 0,01006 0,04337 0,00265 4,30627 0,00783 0,002 3,57665 0,00169 -0,01034
Grade Low| 0
SD 1857833 0.076061 0,002368 0,008283 0,004993 0009143 4524952 2,336885 0,005688 0,00703 0021391 0079068 0.018888 0.016208 0.001209 1,753328 0,010886 0,00037 2153264 0.002169 0,020161
SD% 3,06 117.19. 281 126874 286,39 21,01 19,36 30,72 43,05 46.88 375,86 36.28 187.7 37,31 4571 4072 138,94 3.63 60.2 128,28 195,01
U(95 %)| 0 0,152124 0,006041 0,016572 0,009995 0,018392 9,050307 4,673859 0,011455 0,014112 0,043073 0,158211 0,037897 0,032437 0,002426 3,506671 0,021935 0,001054 4306754 0,006378 0,040338
Last SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nom. SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Run Info|
Element] Ni) ful sif s[ [ [ o Mo| il cuf i Co| Al B Nb[ Ta[ Mg[ Fe| s o]
Channel c02.1|_sio1 1] _so1 1] _po1_a| mno3 1] cros 1| moos 1] o3 1| cuos 1| wor 1] Tio3 1| covr_1] w7 2| Bot 1| b0z 1| Ta0s 1| Mg01_ 1| Feo7 1] sn02 2] 203 1|
Type| MTX INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS
Unit| % % % % % % % % % % % % % % % % % % % % %
Run1[ 2 613683 002761 008615 000363 000438 0.03663 2107113 57995 001632 001689 001766 0.17908 002032 006198 000208 343123 001351 00103 482574 000295 0.00038
Run2[ 2__ 6297691 002517 008679 000357 000462 0.03075 2140266 5.99638 00164 001661 002022 0.16202 002054 005903 0.00213 350002 001211 00108 263178 000243 0.00008
Run 3 2 6143635 00275 008828 000362 000452 0.04047 2103529 879017 001648 001966 001912 0.17850 002041 005967 0.00211 342654 00141 0.01042 480485 000258 0.00044
Grade High 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Average| 61,92719 0,02676 0,08708 0,00361 0,00451 0,03668 21,16969 8,86201 0,0164  0,01802 0,019 0,17987 0,02042 0,06023 0,00211 3,45226 0,01324 0,01051 4,08746 0,00265  0,0003
Grade Low| 0 0
SD) 0909724 0.001379 0,001077 0,000033 0,000118 0005205 0202542 0.116454 0,000084 0.002113 0,001285 0001881 0.000112 0,001647 0,000023 0,041455 0,001018 0.000268 1.260698 000027 0,000195
SD% 147 516 124 09 262 419 09 131 081 72 678 105 05 257 108 12 769 245 3084 1019 6459
U(95 %) 0 0,002844 0,004331 0,000415 0,000445 0,010593 0411901 0,238654 0,001353 0,004392 0,005473 0005843 0.003016 0,00337 0,000201 0,083375 0,003362 0.00091 252185 0,004247 0.00115
Last SCT Value| 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0
Nom. SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Run Info
Element] ol si| Bl 3 Mn| o] Mo| v cuf i | | 3 N Tl wg| Fe o 7|
Channel coz2 1] _sior_ 1] _so1_1] _po1_1] mno3 1| cros_1] moos 1] vos 1] cuos 1] | a7 2| Bo1_1] wboz 1] Ta0a 1] mgor_1] Feo7_1] snoz 2| zr3 1|
Type| NS INS INS INS NS NS NS INS INS INS INS NS NS NS INS INS INS
Unit| % % % % % % % % % % % % % % % % % % % %
Run1 [ - 61,68052 0,02835 0,08737 0,00365 0,00455 0,03965 20,95618 881459 0,01616 0,0189 0,01894 0,17868 0,02001 0,05291 0,00211 3,42915 0,014 0,0106 462108 0,00275 -0,00016
Run2[ 2 620683 0.02711 008475 000358 000451 003799 2113841 5672426 001628 001636 0.01793  0.1767 002005 005326 000206 339207 00135 001053 4.18559 000266 0.00003
Run3[ 2 6572688 0.05281 007738 -0.00048 000242 0.03399 1979571 793551 001094 001139 -0.0074 025637 000586 004119 000184 344719 000971 000906 260152 0,00087 -0.01276
Grade High 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Average| 63,15858 0,03609 0,08317 0,00225 000383 0,03721 20,6301 849146 0,01446 0,01622 0,00982 0,20458 0,01531 0,04912 0,002 34228 00124 0,01006 3,80273 0,00209 -0,0043
Grade Low| 0
SD 223645 0014494 0,00518 0,002362 0001221 0.002912 0.728327 048358 0,003048 0,004187 0014925 0044848 0,008179 0.006873 0,000141 0,028102 0,002343 0,000873 1062824 0.00106 0,007332
SD% 3.53 40,16 623 104,99 3188 7.83 3.53 5,69 21,08 2582 151,93 21,92 53.43 13,99 7,02 0.82 18,89 8,68 21,95 5062 170,59
U(95 %) 0 0028997 0011017 0,004741 0,002472 0,006145 14568444 0967738 0006242 0,008462 0,030256 0,089621 0,016634 0,013799 0,000343 0056879 0005396 0.001901 2,126141 0,004947 0,014706
Last SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nom. SCT Value| 0 o 0 0 0 0 o 0 0 0 0 o 0 0 0 0 o 0 0 0 0

| Run Info|
Element] [ si B 3| M| o] Mo [ cuf | cof Al B[ Nb[ Ta| mg| Fe| s o]
Channel coz_1|_sior_1| _so1_1] _po1_1] mno3 1| cros 1| moos 1| wo3 1] cuos 1] wor 1| Tio3 1| coor_1] air 2| Bo1 1| woor_1| Ta04_1] mgo1 1] Feor 1| snoz 2| zr03 1|
Type NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Unit| % % % % % % % % % % % % % % % % % % % %
Run 1]’ 2__ 6329475 004160 008365 000381 000414 003076 2126673 9.01371 0.01776 0.01727 0.01674 018636 002149 008661 000212 349375 001163 001085 242753 000152 0,00123
Run 2[' 2 6354925 005422 009035  0.0041 000405 002566 2157282 026722 00179 0.01503 0.01815 019164 002218 005417 000216 362963 001061 001083 1.45685  0.0011 0,00202
Run 3' 2 63,54066 0,06315 0,08326 0,00401 0,00377 0,02823 2140937 89707 00179 0,01642 001579 0,18608 0,02177 0,05435 0,00208 341386 0,01106 001086 2,14283 0,0019  0,00195
Grade High 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Average| 6346155 005302 008742 000397 00039 002822 2141298 908388 001785 001624 001756 0,18803 002181 005471 000212 351243 001107 001085 200908 000151 000173
Grade Low| 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 o 0
SD) 014452 0,010786 0,003702 0000146 0000191 0.00265 0158078 0160231 0000083 0.00113 0001662 0.003131 0.000344 0.000784 0.000041 0.109116 0.000463 0.000017 0.496967 0.000401 0,000436
SD% 0.23 2034 423 367 48 904 074 176 046 696 89 167 158 143 194 341 419 045 2484 %61 213
U(95 %) 0 0,021582 0,008303 0,000503 0,000544 0,005465 0,325102 0,324744 0,001353 0,002564 0,005767 0,007745 0,003082 0,002014 0,000212 0,218412 0,002832 0,000752 0,99857 0,004842 0,001386

Last SCT Value) 0 0 0 0 0 0 1] 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nom. SCT Value| 0 0 0 0 0 0 [ 0 0 0 0 0 0 0 0 0 0 0 0 ] 0

Run Info

Element] 5 si[ Bl p[ M| cf Mo| v cuf v_vl | Cof Al B[ N Ta| Mg| Fe Sn| 7|
Channel co2_1]_sior_1] _so1 1] Por_1] mao3 1] cros 1] moos 1] vos_1] cuos 1] wor 1] Tios 1| coor_1] aw7 2] Bo1_1] Noor_1] Ta04 1] mgo1_1] Feor_1] snoz 2] zr031|
NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS

% % % % % % % % % % % % % % % % % % % %

2 6211362 00925 008368 000486 0.00455 0.03566 21.36429  9.3186 001711 002758 001976 018953 002245 005075 000212 364059 001129 001198 298143 000161 000105

2 62,6032 005026 008463 000372 0.0041 002932 2161845 910097 001632 001651 001514 018453 002073 004854 00021 357988 001103 001014 259745 0,00125 000105
2__ 6251753 005173 008772 00039 000406 00286 2177908 908168 001691 001675 00159 018431 002098 004869 000211 359697 001098 001003 25195 000134 000116
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [} 0 0 0 0 0
6241145 0,06483 0,08701 0,00418 0,00424 0,0312 21,56727 9,16708 0,01638 0,02028 001694 0,18613 002139 0,04933 0,00211 360561 001112 001072 2,69946 0,004 0,00109

0

0,26146 0,023972 0,002112 0,000601 0,000271 0,003885 0,209148 0,131574 0,000112 0,006323 0,002476 0,002953 0,000928 0,001231 0,000013 0,031303 0,000155 0,001094 0,247284 0,000187 0,000061

042 3698 243 1438 641 1245 097 144 086 3117 462 159 43 25 06t 087 141021 916 134 564

U(95 %) 0 0,04795 0,005654 0,001271 0.000664 0008013 0425244 0,268383 0,001361 0.012701 0,006935 0007448 0,003532 0,002737 0000198 0.063255 0,002694 0002314 0.496093 0,00485 0,001086

Last SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Nom. SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Run Info

Element] Ni[ q si| s [ | of Mo| Vv cu w[ Ti[ co | 3| o] Ta| Mg Fe sn| z

Channel Matrix | c02 1| sior 1] _so1 1] pPo1_1] mno3 1| cros 1] moos 1] vo3 1| cuos 1] wor 1| Tios 1] coor_1| a7 2| Bo1_1] weo7_1] Ta0s 1] mgo1_1] Feor 1] snoz 2| zr03 1]

Type| MTX INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS

Unit| % % % % % % % % % % % % % % % % % % % % %

Run 1 2 6269007 0.02663 0.08728 000364 000459 003382 2131772 8.89048 001667 001773 001978 0.18017 002063 005442 000212 347518 001288 001075 343331 000189 000024

Run 2' 2 62,56494 0,0274 0.08752 000366 0,00458 003243 2137565 894386 0,01672 0,0165 001967 0,18144 002062 0,05331 000212 351403 0,01251 0,01067 3,10992 0,00194 0,00051

Run 3]’ 2__ 6328695  0.02646  0.087 000377 000464 002903 2164005 9.00268 001691 001634 00207 0.16252 002129 006341 000215 352182 001192 001091 216068 000166 00009

Grade High 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o o

Average| 62,84699 0,02683 0,08727 0,00369 0,0046 0,03176 21,4114 894574 001677 001652 002005 0,18138 002084 005371 000213 350368 0,01243 0,01078 2,8013 0,00183 0,00055

Grade Low 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ]

SD| 0,38527 0,000501 0,000261 0,00007 0,000035 0,002464 0,115333 0,056226 0,000126 0,001191 0,000565 0,001176 0.000382 0.000611 0.000019 0,024984 0,000483 0,000124 0554921 0,000148 0,000328

SD% 0.61 167 03 188 076 776 054 063 075 721 282 065 18 114 08 071 38 115 1981 81 5962

U(95 %)) 0 0001219 0003794 0000432 0000382 0005303 0.242781 0.123995 0,001366 0.002672 0,004947 0,00507 0.003102 0,001749 0,000199 0.050749 0.002845 0,00079 1,110543 0004611 0,001264

Last SCT Value| 0 0 0 (i i 0 0 0 i 0 0 0 i i 0 0 0 0 0 4 4

Nom. SCT Value| 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Chemical composition of welded layer

Run Info|

2/2

Element|
Channel

U(95 %)

Last SCT Value|
Nom. SCT Value|

| Ni%| si| s[ [ | of Mo| v | Lvl [ co | B[ Nb| Ta mg| Fe sn| z
[ Matrin] co 1| siot 1] sor_1] pot_1] ma03 1] cros 1] mooa 1] vo3 1| cuos 1] wor 1] Tio3 1] covs 1] w7 o[ Bo1 1] Nbo7_1] Ta0s 1] Mgo1 1] Feo7 1] Snv2 o[ 7r3 1|
MTX INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS INS
% % % % % % % % % % % % % % % % % % % % %
62.18244 002698 0.08623 0,00367 0.00462 0.03538 21.17198 880739 0.01673 001744 0.0194 017912 0.02047 0.05421 000211 343608 001326 001063 3,90895 000234 0.00056
628489 002659 008733 000368 0,00453 (0.03233 2136984 892693 001679 001666 002016 018092 0.02068 005514 000213 347174 001252 001085 289997 000162 00005
62.20309 0.0304_0.08706_0.00368 000460 0.03584 211535884242 (001669 001756 001973 018092 0,02042 (0.05065 000212 346377 00133 001078 383122 000259 0.00057
0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6241148 00219 008687 000368 0,00461 0,03452 2122844 885691 001674 001722 001976 018032 002052 005633 000212 34572 001303 001075 354671 000225 0,00055
0 o 0 0 0 0 0 0
037891  0,002092 0.000572 0000005 0,000084 0,001906 0.114172 0.061452 0.000049 0.000489 0.000373 000104 0,000134 0,002905 0.000009 0018714 0,000439 0.000117 0561446 0.000391 0,000039
061 747 06 013 182 552 054 069 020 284 189 058 066 516 042 054 337 109 1583 1736 712
0 0.004241 0,003927 0.00041 0,000412 0004286 0.240312 0,133471 0,001346 0.001551 0,004377 0.004941 0,003019 0,005951 0,000197 0038446 0,002816 0.000786 1,123754 0.004463 0,001084
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ] 0
0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o 0

i Cr Mo Ti Nb Fe

6329475 2125673 9,01371 0.18636 349375 242753

6354925 2157282 926722 0.19164 362968 145686

6354066 2140937  8.9707 018608 341386 214283

6211362 2136429  9,3186 0.18953 364059 298143

62,6032 21.61845 910097 018453 357988 259745

6251753 2177908 908168 0.18431 359697 25195

6269007 2131772 8.89048 018017 347518 3.1333

6256494 2137565 894386 018144 351403 3.10992

63.28595 2154005 9,00288 0.18252 352182 2,16068

6218244 2117198 8.80739 017912 343608 3.90895

62,8489 2135984 892693 018092 347174 289997

6220309 211535 8,84242 018092 346377 383122

[Sawt] Ni Cr Mo Ti Nb Fe

av 6278287 2140996 9.013903 0,183962 3.519779 2.764138

sd 0520874 0.186678 0,156939 0,003878 0.075448 0.702649

rsd 0.829643 0871919 1,741082 2107909 2143554 254202

Mi Cr Mo Ti Nb Fe

6033067 20.42642 B,57455 0,17338 332614 683676

60,6525 20,60028 8.66812 017654 338275 6,18857

60.18568 20,515 8.57408 01728 33213 689661

61,29415 2092084 8.,75161 0,1769 341124 512892

61.76448 2110534 8.90109 018113 347747 4.26293

61,6174 2131413 8,66849 017727 340061 452179

61,3683 21,07113 8,7995 0.17908 343123 482574

62,97691 2140265 8,99638 0,16202 350002 263178

6143635 2103529 8.79017 017851 342554 480485

6168052 2095618 8.81458 017868 342915 462108

62,06836 2113841 8.72423 01787 3,39207 4.18559

65,72688 19,79571 7.93551 0,25637 344719 260152

[Sowt] Ni Cr Mo Ti Nb Fe

av 6175852 2085678 8.683198 0,184282 3412059 4792178

sd 1463556 0450628 0.265835 0,022861 0.053173 1.378084

rsd 2369804 2160583 3,061492 1240553 1558381 28,75695
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Technical specification of SEM Apreo 2

DATASHEET

Apreo 2 SEM

Resclve gray areas with the Thermo
Sciertific Apreo 2 SEM, a high-
performance field emission gun (FEG)
SEM with unigue, live elemental imaging

and an advanced, automated optics Extrama flexibility for handling a wide range-of sampla
Sygtem tha‘t enatﬂes you o fDCUS on types, including insulators, sansitve matarials, of

: magnetic samples, and for collacting the data that matters
your research rather than microscops most to your application
performance. Lass tima spant on maintenance with an optics system
The Thermo Sclentific™ Apreo SEM has samed a reputation bkt it bl
for its varsatility and high-quality imaging performanca —even Elemental Information at your fingertips with ColorSEM
on magnetic or other tradiicnally dificult samplas, Tha new Technology; fve quantitative elamentsl mapping for

Aprao 2 SEM improves upon the original by expanding its unprecedentad fime to result and eass of use
alrsady Impressive resolution specifications as well as adding . o ,_.

a numiber of new featuras designed 1o make the power of tha
Aprao SEM's advanced capabilities even more accessible.

Multi-purpose labs s20 a wide spactrum of users looking to
image an aqually wide range of sample types. Typlcally, this
would mean that usars are required to navigats a range of
alignmeants bafore acquiring data. The Apreo 2 SEM introducas
SmartAlign Technology on & werkhorse SEM platform.
SmartAlign Tachnology virtually removes the need for user
alignmants. With the broad basa of alignment autormation
covared, you can focus on obtaining data, as the system iz
always aligned and razdy to image, Even with alignments
covared via automnation, fina tuning of the beam is typically
raquirad to obtain the best imagae. Enter FLASH techrclogy,
FLASH automates tha fine-tuning process. With a few mousa
movarnents, the Apreo 2 SEM will exscute any necessary
comactions to lens cantering, the stipmators, and final focus ;
of tha image. Combining SmartAlign and FLASH Technoogies Microstructure of copper-slver alloy ravealad with Golors EM technology.
means thﬂt avan UsSors Nnow. 1]:, 9|mtl"ﬂl'| m|CmUpy can accoss Sllicata contamingtion Is Immediataly ecognized whan Inspacting samplas
the high-and performanca of the Apreo 2 SEM. it Zove £ conpcm st e g i BEE

ThermoFisher

SCIENTIFIC
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Technical specification of SEM Apreo 2

The Apres 2 SEM's feature sat also expands o analytical
capability by integrating Thermo Sdentific ColorSEM Technalogy
irito the main microscops UL ColorSEM Technology Intagrates
compositional mapping with the fraditional imaging capabilites
of the SEM. Onca ColorSEM Technology is enabled, the

resut iz aninstant, colorized image showing the high-fidelity
microstructural detalls overlain with compesiticnal information
im the same image, ColkorSEM Technalogy improves the time
to data for basic EDS information and makes moving to key
areas of intarest & quidk trip rather than a long joumey. The
Iwa color information is complimented by the addition of ather
cormventional EDS functionality (point, line scan, area mapping,
and reporting) directly integrated inmto the main UL The result is
an easy-to-use systemn that allows you o focus on discovery
rather than manipulating multiple softwars packages.

The Aprec SEM's unique Trinity In-columin detection system is
prasent, but now with improved performanca, The Apreo 2 SEM
remains the platform of cheice for research on nanoparticles,
catalysts, powders, and nanodevicas, thanks o its innovative
final lens design that does not compromise on magnetic
sample imaging performance. The glectrostatic final lans (both
Apreo 2 Cand Apreo 2 3 systems) enables simuttanecus in-
column dataction at high resolution, whils the Apreo 2 S SEM
combines the electrostatic final lens with magnetic immarsicn
into & compeund lens. The compeund final lens further boosts
resolution performance, providing a resolution of .8 nm at 1
k¥ without additioral beam decalaration, while offering uniqus
options for sigral filtering.

The Aprec 2 SEM aensures a short fime to data with its T1 in-lens
backscatter detector, which is positiored closs to the sample 1o
collact the maximum amount of signal, Unlike other backscattar
detactors, this fast detector makes materials contrast availabla
at all timas, sven whan navigating, whils tilted, or at short
working distances. On sensitive samples, the datector provides
cloar backscatier images at cuments as low as a faw pA.

The compound final lens on the Apreo 2 S SEM extands the
possibilites of the T1 BSE detector evan further, with anergy
fittering that enables more precise materials contrast as weall as
charge-fres imaging of insulating samplas.

Every Aprec 2 SEM comes standard with the widest range of
features to address insulating samples, including high-vacuam
technigues such as SmartScan mode, drift compensated frame
integration (DCF), and charge filtering. The Apreo 2 5 SEM
introduces PivotBeam mode; an integrated routina for inducing
selected arsa channeling pattarm (SACP) for orenting materials
based on crystallography. PhwotBearn mods is fully autornated
and avallable with a single click.

Fer the most challenging applications, the Apreo 2 SEM charge
mitigation routines can include optional love vasuurn (up to 500
P& to mitigate charge on any sample whilke providing excellent
resolution and largs analytical currents with fisld-proven through-
the-lans differential purmping and dedicated LoVac detectors.
The Aprac 2 5 SEM with the low Vacuum (owWac) option now
comes standard with an automated routine to insart and remove
tha prassure limiting apertura [FLA). This allows wou to focus on
choosing the right conditions for imaging rathar than stopping to
manually adjust the system for lowiac imaging performance.

Additionally, tha Apreo 2 SEM comes standard with a flexdble
chamber that accommodates up to threa EDS/WES ports
fior fast and sensitiva X-ray measurameants. It also features a
coplanar EDS/EBSDVTKD arangement and compatibility with
{eryo) CL, Rarman, EBIC, and other tachnigues.

All thess capabilities ars complermented
by easy sample kandiing and thea farmiliar
*T usar interface, saving time for novice
and expert usars alike. A customizable
Ul provides mary options for ussr
guidance, autormation, and remote
operation, With unique technologies

like SmartAlign, FLASH, and ColorSEM
Technology added to an already
advanced microscope, the Apreo 2 SEM
adds additional flaxibility to any lab whila
providing advanced imaging capability
for all users.

Electron oplics
= High-resolution fisld ermission SEM columin with:

— High-stability Schotticy fisld emission gun to provide stabla
high-resciuticn aralytical curents

- Compound final lens: a combined elecirostatic, fisld-fres
magnetic and immarsion magnetic objectiva lans®

— 60" objectiva lans geometry; allows titing larger samples

— Autormated heated apertures to ensure cleaniness and
touch-fres apertura changes

SmartAlign Technology: user-alignment-free techrology

Through-the-lans differsntial pumping for low vacuurn®
raduces beam skirting for tha most accurate analysis and
highest resolution

Beoarm decelkeration with stage bias from -4,000 V to +6800

Continuous beam curant control and optimized aperiurs
angla

* Doubls stage scanning deflaction

Easy gun installation and maintenance: auto bake-out, auto
start, no machanical alignmeants

PhictBaam Mode for selected area slectron channeling, also
known as "rocking beam® mode (Apreo 2 3 model only)

* Guarantead minimum source lifstime: 24 months

Elactron beam resolution

Moadel Aprec2C Apren 28
Firel lens Electrostatic  Compound
High vacuum

30 kY (STEM) 0.7 nm 0.7 nm

16 kW (BD) 0.8 nm 0.5 nm

16 KV (B.4 n&, WD 10 mrm) 1.9 nm
1V 1.2 nm 0.9 nm
1kV BD) 1.0 nm 0.8 rim

1 kv BD, WD 10 rnrr) 1.0nm
500\ (BO) 1.2 nm 0.8 nm
200V (BO) 1.2 am
Low vacuurn®

3 kv (30 Pa) 1.8 nm 1.8 nm

16 KV (30 Pa) 1.2 nm 1.2 nm

B beam decalration mode. WD: workdng aisfancs. Resoidions are af opdimum
working distance Unkss spaciad otharwisa. By dafaut, apon el nstsisEtion,

1 RSO 5 DROVEN IN the Spsams Secepiance tet 8t 1 kY and 80 AV i hign
VBCLILITI 2N W AMmErsian sWitched on ¥ Sppkcatie,
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Electron beam parameter space
* Baam current rangsa: 1 pA to 50 nA
MO0 nA configuration also avaiabla)

= Accolarating voltage range: 200V - 30 kY

= | anding energy range. 20V — 30 ke

* Maw. horzontal field width: 3 mmiat 10 mm WD
{comesponds to 28x minimurm magnification)

Chamber
= Inner width: 340 mm

» Analytical working disiance: 10 mm

* Forls: 12

+ EDS iske-off angle: 357

= Three simutaneous EDS deiectors possible, two at 1807

» Coplanar EDS/EESD orthogonal to tho ti axis of the stage

Detactors
The Apreo 2 SBEM detacts up to Tour signals simuitanacusty
from any oombination of the svailable delectors or datector
sagmeants®:
= Trimity Distection System (in-lens and in-column)
— T1 segmenied lower in-fans detecior
— T2 upper in-lens detector
— T3 m-column delecior”
» ETD—Eserhar-Thormiey SE detecior
DBES—Ratractabla sagmented undar-the-lens BSED
* Low-vacuum SE detector
+ DES-GAD—Lans-mounted gaseous analytical BSED”

STEM 3+—Ratractabla segmanted datocior
[BF, DF, HADF, HAADF

+ [R-CCD
* Tharmo Sciantific Nav-Cam+™ Camara {chambar-mountad)

ColorSEM Technology®

ColorSEM Technology provides real-time quaniitative
compositional information by coloring the SEM image. ColorSBM
Technoiogy is based on enangy dispersive X-ray speciroscopy
(EDS) with raliabie Noran guanification. Conventional EDS
functions (paint & 1D, Enescan, region, slement maps) are
included and can direcily be apphed 1o the SEM imags,

+ EDS detector size: 10, 30, or B0 mm?

+ Light alemeant sensitivity down to banyllium

» 127 eV or 120 eV spectral resolution

» Optional motorizad slide availabls

= Advanced moda with Pathfinder*

Vacuum system

+ Complate oil-free vacuum sysiem

® | x 240 s TMP

* 1 % PVP-scroll

* 2 x 5P

# Chamber vacuum (hagh vacuum) <63 = 10 mbar
(after 12 hours purmpang}

* pPvacuation time: <3.5 minuis

+ Optional low-vacuum mode

+ 0500 Pa chamber prassure

» Automatic Pressure Limiting Aparturs [PLA) Loader

Sample holders

» Standard mutti-purposs holdar uniguely mounts denectly onio
the stage, hosts up to 1B standard stubs (@12 mm), throe pra-
fitted stubs, cross-section samples, and two pre-fited row-bar
holders® (387 and 90°), Tools are not required to mount a
sample,

« Each optional row-bar accommodales & STEM gnds

+ Wafer and custom holdars®

Stage and sample

Typa Euceniric goniometer staga,
5 axes moiorized

XY 110110 mam

Repeatakbility <3.0 pm {@ 07 i)

Motorized Z B5 mm

Rotation n = 3607

Tiit 157/ 4807

Max. sample height Clearance BS mem to eucentric point

Max. sample weight = 500 g in any stage position

# Uipto 5 kgat O° fit

{soma restrictions apply)
122 mm diamater with full
X, Y, rotation {larger samplas
possible with Emited stage
fravel or roiation)

Max. sample siza

System control
# G4-bit ZUI with Windows 10, kevboard, optical mousa

24-inch LCD display, WUXGA 1920= 1200
(sacond monitor opfional)

+ Customizable graphical user mtarface,
with up fo 4 simultaneously. aclive views

+ [ ASH automated Image tunéng fior focus,
lens align, and stigmaior

+ Image registration

« Navigaton montage

Image analysis softwara

Unda / Redo functionality

Usar guidanoce for basic operations / appicaions

Oiptional joystick

+ Optional manual user nterizce (knob board)
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thermoscientific

Image procaessor
» Dwall time range from 25 ns to 25 me/pboesl

* Uip 1o 6144x4006 pixsts
= Filo typa: TIFF (8-, 16-, 24-bit), JPEG or BMP
* Singke-frame or 4-iow image Ssplay

+ SmartScan Mode (256-framea average or integration, lina
integration and averaging, interiacad scanning)

* DCH (drfi compensated frama inlegration) Mode
= [Digial image mmprovement and noise reduction filter
Accessories foptional)

Sample ¢/ chamber cleaning: CryoCleansr,
Integrated Plasma Clsanar

Analysis: EDS, EBSD, WOS, CL, Raman

+ Tharmo Scentific OuickLoadar™ Load Lock for fast
sample transfar

Navigation: comalative navigation, Thermo Scientiic Maps™
Softwara filing and stitching

Gas injection: up to 2 units {other accessorias may limit
nurmbar of G1S availabka) for beam-induced deposition of:

— Piatinum
— Tungsten
- Carbon
= Manipulators
» Cryo-siage
+ Dactrical probing / multi-probing stabions
» Bactrostatic beam blanker

Software options

* Maps Software for automatic large area acquesition using tilng
and stitching; camelative work

« Tharmo Scientific AutoScript™ 4 Softwars —Python-based
application programming interface

« TopoMaps for image colonizahon, image analysis,
and 30 surface reconstruction

= Advancad image analysis software
= Ramote control software:

Find out more at thermofisher.com/apreo

4/4

Documentation
» Online user guidanca

* Operating instruciions kandbook

= (Onlire halp

* Prepared for RAPID jremote diagnostic support)

* Freo gocess to online rescurces for owners
Warranty and Training

» | yoar wamanty

+ Choice of sarvica mainiananca contracts

+ (Choica of operation / application training confracts
Ingtallation requirementis

[Rafer o preinstall gusde for dataled data)
& Powar:

- Voltage 100-240 W AC (6%, +10%)

— Frequency 50 or B0 Hz (+1%)

— Consumption: <3.0 kKVA for basic microscope
« Earth resistance <01 (0
* Ernvironmant:

— Tempearatura (20 + 31°C

— Ralative humidity below 20°%

— Stray AC magnetic fialds <40 AT asynchronous, <100 AT
synchronous for line imas, 20 ms {50 Hz mains) or 17 ms
{60 Hz mains)

* Minimum door size: 0.9 m wide = 1.9 mhigh

* Waight: column console 280 kg

* Dy nitrogan recommanded for venting

» Comprassad air 4-6 bar, clean, dry and oil-free

+ System chillar

* Acoustics: sife sursay required, as scoustic specirum ralevant

= Fpor vibrations: site survey required, as floor spactrum
ralevant

» Optional active vibration izolation table
Consumables {partial list)
& Heplacemant Schotiky electron source module

ThermoFisher

SCIENTIFIC

For current certifications, wislt thermoBsher com/certiications. © 2000 FEI Compsy. A1 nghis mesren.
AR RORIRENS BRI (roperty ol Themmo Fiskar Soentine . = B sitskianes wisss oinerabe specipd. DEOBA5-EN-HH2020
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Figures of structures of 16Mo3 and welded layer of Inconel 625

HY spot | HF d spo
10.00KV 120  691um 0 1000kv 120 319um | 7.6mm

ot HEW — 1 2 | u HPW WD
1000kV | 120 631pm 6.9 mm 5 Standard | ETD .0 | 319pum | 7.6 mm

ST
Sipiinme

ey Sesve

— usecase | det t | H
120 691 pm o1 3 Standard  ETD 10.00kV 120 319pm 7.6 mm

et T

gt tl\tir

Standard | ETD__SE .0 | 319pm _ 7.6mm

10.00kV 120 691 uym
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Attachement 7

Figures of structures of 16Mo3 and layer of Inconel 625

mode  HV
7PM _ Standard ETD | SE 10.00kV_ 12.0

10.00kV_ 12.0 691 um

dat | mode HY

Standard  ETD | SE 10.00 kV

det mode HV
standard | ETD  SE 10.00 kv

2/3

e WD

Standard 1000kV 120 319um 7.6 mm

det HY
Standard  ETD _SE 10.00kV 120 319ym  7.6mm

Standard 10.00 kv
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Figures of structures of 16Mo3 and welded layer of Inconel 625

Y ot HAW 15 mods
10.00kV 120 691ym 69 mm : m Standard  ETD _SE

12.0 829 ym

E Cl — use case g e HY
Standard  ETD | SE 4 9 : Standard 10.00 kv
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AMH55 - Hardness Testing Systems

Maximise your productivity and easily measure Supporting accurate and efficient microindentation
imprassions on various surface conditions for o ond Macro,/Vickers hardnass tesfing in fully outomatic,
wide number of applicafions with LECO's AMHS55. semi-guiomatic, and lite configurations, the AMHS5
Tha AMHSS5 introducas LECOYs innovative is o voluable resource for users needing precise and
CORMNERSTOME™ brand softwars fo our hardnass productive hardness testing while tailoring the dofo
testing platforms, for increased usability, simplified and results fo fheir naeds.

reporting, ond streamlined analysis fimes.

The AMH5S5 is ideal for:

Case Depth Analysis | Coafing Hardness | Serface
Analysis | Powdered Metals | Weld Profiles |
Fasteners | Decarburisation

Tha AMHS55 supports all standard loads for
microindentation and Mocro,/Vickers hardness festing.
The AMHS5S5 conforms to ASTM E-384 for micro,/macro
hardnass tesfing.
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AMHS55 Model Highlights and Features

Choose the model configuration that = Advonced image-recognition tachnology allows analysis of
fits your needs. All models include information not available with limited threshold-based methods
our axclusive CORMERSTOMNE®
brand software ond the following
funcionality:

= Measures impressions with vorious surfoce condifions,
including scratched or lightly etchad

AMHS5 Automatic

= Simultanecus outomatic alignment and automatic parfocal fools
= Automatic pixel calibrofion

= Automatic shading correction

= Standaord touch-screen inferface with mulfitouch copabilitias

= Streomlined and simplified doto reporting;
customisad spreodsheet genarafion fools

= Optional Advanced Analysis Module for color conloured mapping

AMHS55 Semi-Automatic

= Automafically locotes and analyses indents

= Aufomafic alignment

= Automafic pixal calibration

= Standard touch-screen interface with mulfitouch copobilities
= Customisable data reporfing

= Manual Focus

= Easily upgrode fo AMHSS Avtomatic

AMHSS Lite
= Automatically locotes and analyses indents within fisld of view
= Automafic pixel calibration

= Standaord PC/monitor with keyboard and mouse interaction;
optional touch-screen inferface also available

= Customisable data reporfing
= Easily upgrode fo AMHSS Avtomatic or Semi-Automatic

Hardness Tester

Opfions V-Saries performs

The AMHSS supparts microindentafions LMV-50Y Load
oll standard loads for from 1 Kgf to 50Kgf Cell performs
microindentation and or 0.3 Kghto 30Kt Macro/Vickers
Macro/Vickers with Vickers, Knoop, indentations frem
hordness tesfing. or dual indenters. 10gf to 50Kgf.
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User-friendly CORNERSTONE® Brand Software

LECO's unique Cornersione brand software sets the as simultonscus aute alignment and oute porfocal
AMHS55 opart from cther automatic hardness festers. odjusiment, deliver increased speed, soseofuse, and
Designed through a collaborotion of customer feedback repeatability to tha analysis. Data cutput and reporting
ond innovafive engineering, Comerstone gives the user are simplified throwgh Comerstone’s highly organised,
completa control over their analysis porometars, method immarsiva environment, which gives the usar the ability

sefiings, calibrotions, reporting, ond more so that festing  fo select the dato conversions, method of testing, export
can be tailered to o specific opplication. A touch-screen opticns, report generation, and other seftings that are
interface and automatic software capabilities, such besksuited for thair scmples.

S (WIORIE R
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Performing a Case Depth Analysis using the AMH55 Automatic

The AMH5S5 Automatic Micro/Macro Indentafion The AMHS5 Semi-Automatic and Lite configurations
Hardness Testing System combinas the tasks of sample offer the same great festing copabilifies, but with lass
testing, maasuring, converting, and documenting into automatic funcfionality and features to mest your neads.
one automated instrument operation. Just load the Both can be easily upgraded fo the fully Automatic

sampla, select tha indentofion poffern{s], and initiote the varsion when the fime is right.
fest. This fully oufomated system makes the indentations,

meosures them, calculates thair hardness, and than

displays the results.

2. Solact Auto Focus, or
vsa tho slider function to
bring the image into focus

3. Clicking on any of the shaded
guadrants will bring vp o guad
menu with tracing oplicns

1. Place the sample
on the stage

L. Disploy data on-screen, or guickly and 4, After the sample has been traced,
easily export into other plofforms, such patierns and indents can be ploced
as Microsoft® Excel® using intuifive fiy-out screens
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Package Configurations Optional Advanced

Select one of the following hardness faster opfions Aﬂﬂ’}’ﬂ'ﬁ modufes
with your AMHSS pockage.

s Color Hordness,/Contour

LMT10/210 Series Microindentation Map [shown below)

(b e e Rl s Auto Indent Placement

LMZ4B/B10 Series Microindantation = Auto cose depth

|refer to spec sheat 209-094-009)

IV110/B810 Series Vickers
[refer to spec sheet 209.094-002)

Opfional Color Hardness
LMV-50V Load Call Micro/Macro E;TFMDPQ‘ wi sa;pb
es5 an on with o
[refer to spec sheat 209-094-011) ks skl o

hardness variances.

Options and Accessories

&y <=

Simge Somple Holders AnfVibrafion Toble
Global Instrument Service & Support

We know that keeping your instrument running af optimal performance
matters to you, which is why LECO instruments are assembled using the
highest quality components and materials.

Sometimas downfime is unavoidable, howaver, and when that happens,
our dedicated network of Global Service and Suppeort technicians will
help get you up and rurning as quickly as possible. Support is available
at your facility or ours, by phone, and oalina.

Service and A2 A-accredited colibrofions are also available for our
LECC-supportad optical equipment.

Visit our wabsite for more information on how fo access LECO Service:

:’1.;. eu.leco.com/ contact leco-contoct-information

BOR007:2005 Q94 | LECD & o mgistorod todemark of 00D Corporafion.
IFCCY, Pogasus, Chromo TOF, Foblad Hight Reh, FRE High Basobstion Doronvolulon, HED: KADAS, Fncoded Froquont Fushing, ond EFFore gisiorad imdamorks of LECD) Corpom-

Bon. Microsofi Windmws o rag  rodamnds of Mcmech Corporafion.

LECO Corporation LECO Europe
3000 Lakeview Avenue | 5. Joseph, Mi 49085 au leco com
Phone: 269-985-5494

infosglecn com | weerw baco.com

EMPOWERING RESULTS

Form Mo, 2092445 ELIW R1.538V1 & 2019 LECO Corporafion
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Priloha ¢.1 Hydraulicky zkusebni stroj ZD40 /400kN/

Stroj umoziuje provadét tahové, tlakové a ohybové zkousky
materialll do 400 KN s fizenim rychlosti zatézovani a programovym
zpracovanim zkousek. Je vybaven wvestavénym inkrementilnim
délkovym snimacem polohy pfiéniku srozliSenim 0.01 mm
a snimacem sily s fidici jednotkou EDC 60.

Ridici jednotka EDC 60 je vysoce precizni elektronické zaiizeni
specialné konstruované pro fizeni servo-hydraulickych zkuSebnich
stroji. Je vyrdbéna specidlné pro aplikace fizeni zkuSebnich
stroji a vyuZivaji ji pfedni evropiti vyrobci universalnich
zkuSebnich stroji. Jednotka je opatfena programem pro zkousky
kovii s moznosti provadét zkousky bez PC u jednoduchych aplikaci
bez pouziti pratahoméru.
Technické parametry:

- Vyrobee: HBM /SRN/

- Meéfici rozsah: 8 =400 kN

- Chyba méfeni sily: 1/100 yjmenovitého rozsahusily. j. £ 1%

- Méfici rozsah méfeni drahy: 0 = 280 mm

- Chyba méfeni drahy: £0,01 mm

- sériové rozhrani RS 232 pro komunikaci s nadfazenym PC
COM]1 pro PC s FIFO s maximalni rychlosti 115 KB

- inkrementalni vstup pro napojeni snimace drahy

Pocitac je vybaven programem TIRAtest v.2.1 pro tahovou,
tlakovou a ohybovou zkousku kovovych materiall dle
EN 10002 a EN ISO 6892 svyhodnocenim vysledki
a grafickym zpracovanim.

Ridici jednotka EDC 60
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Tensile diagrams of 16Mo3 and Inconel 625
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