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A new fom of cast Inconel 7 18 has recentiy been receiving attention as it has demonstnited 

improved mechanical properties over that of the conventionally cast matenal and is now 

being introduced in many investment cast components including hi& pressure housings for 

Iiquid rocket boosters in NASA's SSME (Space Shuttle Main Engine) program. This new 

form is known as Microcast-X invesanent cast aüoy 718 and was developed and 

patented by Howmet corporation. MX-cast components are characterized by a uniform, 

homogenous, fine-grained microstructure of ASTM grain size 4 to 5. This fine-@ned cast 

structure is achieved through a low pouring temperature of a few degrees above the tiquidus 

of the ailoy. 

Recent studies on both conventionally cast and wrought alloy 718 have suggested that 

eiemental segregation of trace elements, in particular boron, to grain boundaries during heat 

treatment cm greatly affect microfissuring susceptibility during welding. Boron is suspected 

to act as a grain boundary melting point suppressant. It has been sugested that an increase in 

boron grain boundary concentration may cause a corresponding decrease in the melting point 

of the grain boundaries. Decreasing the melting point of HAZ grain boundaries in tum 

aggravates HAZ microfissuring by encouraging fbrther gain boundary melting and allowing 

additional tirne for grain boundary werting and grain boundar-y slidhg under the influence of 

welding stresses. 



Specimens were given an initial pre-weld homogenization heat treatment at 1200 OC and 

water quenched foiiowed by solution heat treatments at 1050, 1 100, and 1 150 O C  which were 

designed to maintain a he-grained and c'clean" microstructure while ailowing sufficient time 

for equilibnurn segregation of sulfiir. Both air coolhg and water quenching were used for 

each solution heat treatment to study the effect of cooling rate on both boron segregation 

levels and HAZ micro fissuring nisceptibility . 

Electron bearn welding is used in commercial repair welding and joining practices due to the 

high quality of weld achievable using this technique and was used in this study. tIAZ 

microfissuring measurements as weli as microstnictural observations and characterization 

were conducteù using Scanning Electron Microswpy (SEM), Transmission Electron 

Microscopy (TEM), Energy Dispersive Spectroscopy (SEMIEDS and TEMEDS), 

Secondary Ion Mass Spectrometry (SIMS), and Orientation Irnaging Microscopy ( O N .  

Results indicate that boron segregation increases with increasing solution heat treatment 

t emperature and decreasing cooling rate and t hat micro fissu ring levels coincide wit h observed 

levels of boron segregation. HAZ microfissuring analysis results suggest common liquation 

cracking mechanisms were operating for al1 heat treated conditions anaiyzed. Air cooled 

specimens demonstrated greater microfissuring than water quenched specimens at each 

solution heat treatment temperature in agreement with the observeci increased level of boron 

segregation in air cooled specimens. 
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CHAPTER ONE 

INTRODUCTION 

Aüoy 718 was fira deveioped in the early 1960's and has since risen in prominence and 

popularity as one of today's most wideiy used superdoys. AUoy 718 is a nickel-iron- 

c hrornium base su peraiioy strengthened primarily by y" p recipit ation. The alloy exhibits 

exceptional strength characteristics over a wide temperature range £tom cryogenic 

temperatures to 650 OC and is not susceptible to the common main age cracking problems 

associated with many superalloys. AUoy 718 was fkst used in wrought form and still is 

today, however, over the years, it became evident that many parts used in gas turbine aircrafl 

engines could be made much more economicaiiy if they were inveament cast into complex 

near-net shape components requiring liale additional machining which had previously been a 

series of components welded together. Investment casting also improves component 

integrity over a component fabricated as a welded assembly of parts. 

Cast components, however, have been found to be more susceptible to weld heat a fk ted  

zone microfissuring and have been shown to possess mechanical properties below those of 

wrought material. As a result, Howmet developed a technique of investment casting fine- 

grained components of ASTM grain size 3 to 5, termed the Microcast-X (MX) process. 

Microcast-X Aüoy 718 has been shown to possess improved mechanical properties over the 

conventionaily cast material which approach the mechanical properties of the wrought 

material. These irnprovements are due in large part to the uniform, equiaxed, non-dendritic, 



fine-grain microstructure achieved in MX cast components. The MX process was fint 

reported in 1984 and has since resuited in MX cast components being used in many 

applications including hi& pressure liquid fuel rocket housings for NASA's Space Shutrle 

Main Engine (SSME) program [Il .  

Welding of cast components both in assembly and repair operations is an integral pan of 

superdoy production and use an4 thus, it is important that welding behaviour and properties 

be snidied in order to improve weld integrity and reduce or eliminate persistent problems 

such as heat-affécted zone (HAZ) microfissuring. Since the MX alloy has demonstrated 

improved performance over the conventionally cast material it is deemed usenil to study the 

weldability of this aUoy and the effect of pre-weld heat treatments both on microstructure and 

welduig characteristics. Electron-beam welding is chosen as it is one of the opthal choices 

for welding since it provides extremely high quatity welds. 

Recent studies on wrought and conventionally cast Alloy 718 material have demonarated 

that elemental segregation of trace elements, in pariicu1a.r boron and sulfur, to grain 

boundaries during pre-weld heat trements rnay be a major factor contnbuting to the HAZ 

microfissuring problem. Thus the present snidy wiU pay careful attention to the segregation 

of boron and sulfur and how they relate to k a t  treatments and HA2 microfissuring 

susce ptibility . 



2.1 Introduction 

Superalloy development began when the need for alloys which could withstand the high 

operating temperatures of aircraft engines increased through the 1930s and beyond 1251. 

Superalloy advances continued through the 1940s as the demand for aiioys able to withstand 

higher and higher temperatures increased with the continuous advance of gas turbine engine 

technology. Superalloys are used extensively in aircraft, marine, industrial, and vehicular gas 

turbines and are now found in space vehicles, rocket engines, nuclear reactors, submarines, 

stem power plants, and other high-temperature applications as well as some cryogenic 

applications. Superalloys today account for over 70% of aircraft engine weight as compared 

to 10% in early aircraft gas turbines and the turbine inlet temperatures have increased fiom 

950 OC to over 1500 "C in some of today's advanced machines [3:33]. Superalloy use has 

also aiiowed great increases in times between overhaul and increased Me spans. Superalloys 

may be divided into three main groups: cobalt base, iron base, and nickel base. Inconel 718 is 

often regarded as a nickel-iron-chromium base alloy but is considerd part of the Nckel-base 

class. 



2.2 Superaüoys 

23.1 Mechanicd Properties 

The existence of superdoys can be attributed primarily to their outstanding ability to 

maintain excellent tensile, rupture and creep propedes at high temperatures. The face- 

centered-cubic @CC) lattice of these alloys allows for good control of precipitating 

intermetallic phases and solid solution hardening effets. Superailoys must also demonstrate 

good characteristics in many different mechanical properties. Good ductility is of key 

importance as well as impact resistance, high and low cycle fatigue (HCF and LCF) 

resistance, weldability, and thermal fatigue resistance [3:35]. Density should be kept low in 

order to reduce weight and, in the case of rotating components, reduce centrifuga1 stresses. 

Low thermal expansion is important to reduce thermal stresses and minimize expansion since 

components are ofien fabricated with close tolerances [3 : 3 51. 

Microstructurd aability is an important factor which affects the ability of a superalloy to 

maintain its mechanical properties. Phases may become unstable and may transform or melt 

when subjected to hi& temperatures and stresses. It is often the ability of a superalloy to 

form or maintain phases which provide its high strength and creep resistance at hi@ 

temperatures that determines the usefulness of the alloy in many applications. 



Surface stability is also of great importance a3 the environments in which superalloys are used 

are often ves, aggressive (corrosive and erosive) nich as the hot, high-velocity fuel-buming 

environment of gas turbines engines. Thus good oxidation and hot corrosion resistance are 

essential [2: 1 7-20]. 

2.2.2 Strengthening Mechanisms 

Superalloys are typically extensively aüoyed. ïhese various alloying elements each play 

specific roles in strengthening the superdoy. Some, such as molybdenum, are typically used 

as solid solution strengtheners while others produced precipitate phases such as carbides or y' 

particles which greatly increase the strength of the doy.  It is the temperature range in which 

these strengthening phases remah stable which determines the temperature range over which 

the niperalloy may be used without significant degradation of mechanical properties. 

Processing techniques such as hot and cold working may further improve alloy properties 

through various microstmctural changes. 

2-23 Processing Techniques 

Superailoy components may be produced via several methods among which the most 

cornmon are casting and forging. Vacuum induction melting (VLM) is one of the primary 



methods of producing the aiioy of a desired composition and miniminng impuities. VIM 

removes oxygen and nitrogen from the melt which prevents the formation of oxide and nitride 

inclusions [2:2 1,4: 1 831. Superheat and temperature control is important as casting 

properties, such as fluidity, and h a 1  cast microstructure are dependent upon solidification 

behaviour and rates.. 

Wrought nickel-base ailoys first appeared in the 1940s and were used in forged turbine blades 

[2:20]. As the industry grew, different wrought superalloys were developed for specific 

applications such as sheet material for use in welded-fabricated components. Nickel-base 

alloys are ofien used in forged turbine disks. Welding of superalloys has always been difficult 

and many are susceptible to cracking due to poa-weld heat treatments referred to as strain- 

age cracking. Inconel 71 8 is unique in that it is highly resinant to strain-age cracking due to 

the sluggish age hardening charactenstics of the dloy. 

Investment Castings 

As a result of the high arength of superdoys and the fact that they are designed specificaily 

to resist hi& temperature deformation they are ofien very dficult and costly if not 



impossible to forge. Thus it is oflen highly beneficial to cast components of hi@ strength and 

low forgeability. The near-net shape achieved with investrnent castings is also beneficial as it 

improves material usage and reduces additional machining and thus tool Wear [SI. Vacuum 

investment casting allows Iower pouring temperatures which allows better convol and 

reduction of grain size as well as maintaining purity. As a resdt of advances in the precision 

casting industry, investment cast turbine aVfoils are found in most modem engines for 

commercial and military aircraft. 

Thin-wded ceramic shell molds which cm be selectively insulated, ceramic cores, and 

inoculating agents in the mold interior d a c e  have aiiowed great improvements in casting 

micronnictural and shape control. Components which were once an assembly of castings 

welded together can now be cast as a single component thus improving component integity 

while reducing cost of fabrication. The typical disadvantages of 7 18 investment castings have 

been found to be porosity, coarse grain size, and segregation effects [ 5 ] .  HIPing, 

microcasting, and heat treatments have been found to be effkctive ways of reducing these 

problems and wiii be discussed later in detail. 



2.3.1 Introduction 

inconel 7 18 is a y" strengthened superalloy and thus is resistant to the strain age cracking 

problem to which y' strengthened superdoys are highly susceptible. As a result of this and 

other desirable properties and characteristics, Inconel 71 8 has become one of the rnost widely 

favoured of superdoys for rnany high temperature applications. Some general physical 

properties of Inconel 7 18 as quoted by Overfelt (et al.) are provided in Table 2- 1 161. 

1 Total Latent Heat p k g ]  1 295 I 

Thermal Conductivity w / m  K] 

Density kg/rn3] 

30.0 

763 2 

2.3.2 Mechanical Properties 

Liquidus Temperature [KI 

Solidus Temperature [KI 

In general, Inconel 71 8 is a highly favoured alloy for high temperature applications because 

of its high strength at high temperatures. The typicai operating range for Inconel 71 8 is 540 

1603 

146 1 



to 560 O C .  The mecfianid prophes of the ailoy begin to degrade at 650 OC. ï h e  alloy a h  

maintains a high field, notch and tende strength in low temperature environrnents thus 

making it usehi in many cryogenic applications. The d o y  is also well known for its hi& 

oxidation and hot corrosion resistance. One of the moa important properties of Inconel 7 18 

is its high stressrupture strength at both high and low temperatures. 

One of the primary reasons for the existence of MX (Microcast-X) IN-71 8 is the improved 

performance it has demonstrateci in several areas of mechanical properties over the 

conventiondy cast matenal. Stress-rupture Me, low cycle fatigue (LCF), high cycle fatigue 

(HCF), tende and yield strength are the properties for which the MX alloy has shown 

improvement over the conventionally cast (CC) materiai [7]. The LCF of the MX alioy was 

found to be &ce that of the CC material and qua1 to that of wrought 7 18. The HCF life of 

the MX alloy was found to be 5 to 14 times longer than CC with wrought 718 having a 3 to 5 

tirne HCF advantage over the MX alloy. Table 2-2 compares the temile and yield strength of 

wrought, MX cast, and conventionally cast ailoys as found by Bouse and Behrendt [7]. 



Aiioy Type 

Wrought 

2.3.3 Composition and Effect of AiIoying Elements 

Microcast-X 
(HEP at 1 120 OC) 

Conv. Cast 
(HP at 1120 OC) 

Conv. Cast 
(HIP at 1165 O C )  

Inconei 718 is a complex dey formed of many different aiioying elements each of which 

plays a particuiar role in producing the microstructure and propenies of the ailoy. Table 2-3 

provides the nominal composition of Inconel 718. Nickel provides the stable, ductile 

austenitic matrix whiie iron reduces cost and promotes y" formation. Lron, however, has 

been found to reduce the solubility temperature of precipitate phases and thus the maximum 

service temperature for the ailoy is lowered. 

Tende ~trength 
W a J  
1317 

1 146 

970 

1017 

Y ield strength 
w a ]  

1 056 

./O Elongation 

48.1 

942 

83 1 

89 1 

23.1 

28.9 

3 1.2 



1 Iron (Fe) 1 Balance ( Boron (B) 1 O.O06(max) 

Nickel (Ni) 

C hrornium (Cr) 

( Niobium (Nb) 1 4.75 - 5.50 1 Phosphorus (P) 1 0.009 (a) 

1 Molybdenum (Mo) 1 2.80 - 3 -30 I Sulfùr (S) / O.O15(max) 

50.0 - 55.0 
17.0 - 21.0 

Solid-Solution Strengtbeners 

Silicon (Si) 

Manganese (Mn) 

Titanium (Ti) 

Aiuminlim (Al) 

Those ailoying elements which act as solid-solution strengtheners in hconel 7 18 and other 

nickel-iron base superalloys are pnmady chromium (Cr), molybdenum (Mo), titanium (Ti), 

aluminum (Al), and niobium (Nb) [4: 1691. The lattice parameter of cobalt is too close to that 

of nickel and iron to be an effective solid-solution strengthener. Carbon, vanadium and 

zirconium cm also provide some solid-solution strengthening but this is not their primmy 

role. Solid-solution strengthening is achieved by introducing lattice arain which in tum may 

affect precipitation hardening since the strength achieved through precipitation hardening is 

related to the degree of mismatch or coherency between the precipitate particles and the 

matrix [4: 1691. 

0.35 (mm) 

0.35 (max) 

0.65 - 1.15 
0.20 - 0.80 

Magnesium (Mg) 

Carbon (C) 

<O. O0 1 

0.08 (max) 



Precipitation Streogtheners 

Precipitation strengthening is achieved through several different mechanisms. The primary 

mode of precipitation strengthening is by impeding the motion of dislocations and thus 

impeding plastic deformation. Precipitate N e ,  shape, distribution, and orientation wilf affect 

its interaction with the surroundhg mat& and dislocation movernent as weli as grain 

boundary movement . 

Niobium is the primary precipitation strengthener as it forms the BCT Ni3Nb y" phase. 

Aluminum and Titanium both fom the FCC Ni3(Al,Ti) y' phase. Higher levels of titanium 

increase strength and discourage the formation of some deleterious phases while extra 

alurninum additions wiU increase the y' solvus temperature and discourage y' transition to q- 

phase. MC-type carbides are formed wit h titanium, molybdenum, niobium, vanadium, 

zirconium and tantdum. 

Effects of Otber AUoying Elements 

Chromium provides the principle source of oxîdation and hot corrosion (sometimes referred 

to as sulfidation) resistance. High silicon and niobium and low duminum contents typically 

encourage 6 formation [4: 18 11. Boron and zirconium are added to improve workability and 

stress rupture properties by promoting the coalescence and spherodization of precipitate 



phases at the grain boundaries thereby creating a more ductile grain boundary 14: 1711. 

Increasing boron and zirconium additions will minimize Laves and p phase formation while 

increasing aluminum, titanium, niobium and silicon wiil promote Laves phase formation 14, 

81. Thompson found a 60% increase in titanium produced an average 137% increase in 

Laves phase found in cast fine-graineci 7 1 8 [9]. 

Magnesium is used as a refining element to remove impurïties =ch as oxygen, nitrogen, and 

sulfur. Manganese and silicon are added to increase workability and act as deoxidizers. 

Carbon also acts as a deoxidant through carbide formation. Phosphorus additions have 

recently been shown to increase stress rupture life at 650 OC [8,10,11]. Ultra-low P content 

has dso recently been shown to have no obvious effect on high and low cycle fatigue (HCF 

and LCF) properties [12]. 

2.3.4 Microstructure 

Due to the many alioying elements present in hconel 718 the dloy has a very complex 

microstructure. As a result of processing, heat treating, or in-service use, several secondary 

phases can be formed, dissolved, Iiquated, or transformed depending on the conditions the 

alloy experiences. It is thus usefil to describe the base metai matrix as well as the 

morphology and microstructural effects of comrnon secondary phases found in Inconel 7 18 to 

further understand the characteriaics of the alloy. 



Gamma (y) Matrix: 

The gamma (y) matrix is an FCC nickel-iron-base austenitic phase with chromium (Cr), 

molybdenum (Mo), and niobium (Nb) as the principle solid wlution strengtheners. 

Gamma Double Prime (y") Phase 

The y" phase is a metastable Ni3Nb phase which provides the p ~ c i p l e  precipitation age 

hardening of Inconel 718. y" precipitates appear as fine coherent disk-shaped particles of 

BCT (body centered tetragonal) crystal structure cornmonly with lanice parameten a0 = 

3.624 and Q = 7.406 [4: 1761. Iron promotes y" formation by enabling favorable electronic 

and crystallographic conditions for precipitation while chrornium promotes y" precipitation 

through favorable mismatch conditions. Due to the slower rate of formation of y" than y' 

the alloy is resistant to strain age cracking sensitivity. If the d o y  is over-aged (i.e. exposed 

to temperatures above 650 O C  for extended periods of time) the y" particles wili begin 

transfomiing to 6 phase which is a much less effective strengthening phase and thus the ailoy 

wili lose much of its strength. The solvus temperature of y" in Inconel 71 8 is approxirnately 

915 "C [4:184]. 



Gamma Prime (y') Phase 

The y' phase is a Nij(AI,Ti) ordered FCC secondary precipitate strengthening phase. 

Depending upon the aghg and heat treatrnent used, y' precipitates cm form as spheroidal or 

cubic particles or as platelets. It has been shown that hardening increases with increashg y' 

particle size until a peak hardening is reached and then decreases with tùrther y' growth. The 

ratio of aluminurn and titanium must be carefully controUed as they each play a specitic role 

(see section 2.3.2). y' will begin to transfomi to q phase at extended exponire to high 

temperatures. 

Delta (6) Phase 

The 6 phase is a stable NizNb orthorhombic phase. 6 cm form due to processing and heat 

treatments as weU as during service. 6 is the stable fom of the h e r  y" phase and foms at 

temperatures above 650 OC as needles or platelets. 6 forms at grain boundaries and around 

Laves phase and inclusions. Transition of y" to 6 causes strength degradation but has been 

found to reduce notch rupture sensitivity and thus is not an entireIy detrimental phase 

[4: 1 8 1 1. The solvus temperature of 6 in Inconel 7 1 8 is approximately 995 OC [4: 1 841. The 

presence of 6 needles in overaged 718 have been found to increase plasticity and crack 

propagation resistance of the d o y  through crack propagation guidance and interaction [13]. 



Eta (q) Phase 

The q phase is a stable hexagonal close-packed (HCP) phase. 1, like 6, can form during 

processing, heat treating, or during seMce and is the stable form of y'. 

Laves Phase 

Laves phase is a highly detrimental, low melting point A2B type eutectic phase where "A" 

refers to Fe, Cr, Si or Ni and 'B" corresponds to Nb, Ti, or Mo. Laves phase foms at the 

end of the solidification sequence as a eutectic phase dong grain boundaries in Microcast-X 

(MX) Inconel 7 18 and also in interdendritic regions in conventiondy cast 7 18 19, 141. Laves 

phase depletes niobium which could othenvise be used to form y" strengthening precipitates 

and adds greatly to HAZ liquation cracking problems during welding. Mitchell (et al.) have 

quoted Laves phase as having a variable composition based around Ni35 Nb3 1 Fe13 Cr1 3 

Mo7 Ti 1 Si 1 (wt%) [15]. 



MC-type carbide and M(C,N) carbonitride precipitation occurs during prllnary solidification 

of the y rnatrix, both w i t h  grains and dong grain boundaries [9]. Carbides are an important 

precipitation strengthening mechanism and appear in cast 7 18 primarily as bloclq niobium 

MC-type carbides (NbC). Titanium carbides (Tic) are also common but appear in far smder 

numbers than NbC. The liquation of MC has been identifid as a arong contributor to the 

HAZ Liquation cracking phenornenon in alloy 718 [16]. Carbides also serve for grain size 

control during heat treatments by pinning grain boundaries [9]. There have ben  no reports 

of MBCs-type carbides found in Inconel 7 18 [ 151. 

Borides, Nitrides, and other minor phases (G, a, and p) 

Several other minor phases are often found in Inconel 7 18 which are worthy of consideration. 

Bondes appearing dong HAZ microfissures in 718 have been suggested as a possible 

indication of boron segregating to gain boundaries and acting as a grain boundary melting 

point depressant and aiso promoting grain boundary wetting thus contributing to liquation 

cracking [ 1 71. 

Nitrides, in particular T B  particles (1 - 10 pm in sire), have been identified as appearing in 

the iiquid melt prior to the start of solidification and act as nucleating sites for prirnary 



carbide precipitation. Carbides are thus sometimes found to have nitride wres leading to the 

comonly used term "carboniaide" [15]. Nitrogen content and TiN precipitation has also 

been linked to microporosity formation in alloy 7 1 8 castings [ 1 81. 

The formation of the minor phases G, a, and p is rare since nickel-iron alloys are not typically 

used at temperatures high enough to encourage precipitation of theses phases. Formation of 

sigma (a) platelets can cause bnttle hcture dong the platelet-matrix interface and also 

generd strength loss by depleting important arengthening elements. LhIe is known 

concerning the effects of p, however, G, a comptex cubic of nickel, titanium, and silicon, was 

found to decrease stress-rupture Life in alloy A-286, another nickel base superalloy [4: 1821. 

2.3.5 Micmcast-X ('MX) Iavestmerrt Ciutmg and The SoMification Rams 

Through carefid control of casting parameters it is often possible to reach a desired cast 

microstructure and thereby titerally cast strength h o  a near-net shape component requlling 

little to no additional machùiing. investment casting is a complex process which is funher 

complicated by the irregular shapes of sections which mst be cast. The MX process is used 

to produce a homogeneous isotropie microstructure of consistent equiaxed (non-dendritic) 

fine grains of ASTM grain size 3 to 5 [19]. The MX investment casting techque is 

patented by Howrnet and involves using a superheat which is typically within 1 1 OC above the 

liquidus and not more than 17 O C  above the fiquidus. This low superheat m e s  rapid 



solidification of the melt upoo pourhg with high heat extraction nite and lower themal 

gradients. Turbulence in the molten metal and possible grain refiners in the melt which act as 

grain nucleation sites may aid in producing the £inal homogenous fine-grain microstructure 

but it is the low superheat which is primarily responsible for the fine grain size achieved in 

MX investment castings. The low superheat results in low fluidity of the liquid metal which 

in turn causes difficulty in filhg thin sections. MX castings also require HIPing (hot isostatic 

pressing) due to Limiteci feeding charactenstics, however many conventional castings are also 

HlPed [7]. 

HIPing following casting is done to close raidual porosity in the casting thereby producing 

nearly 100% dense castings. HIPUig at or below 1120 OC is necessary to avoid grain growth 

[20].  A typical HIPing process is the application of 103 MPa (15 ksi) for 3 hours at 1 120 OC 

(2050 OF) 171. However, HIPing removes only interna1 porosity and not sunace porosity. 

Microporosity is highly detrimental to stress rupture and fatigue properties of superalioy 

component s [6] .  

HIPing typicdy causes a slight increase in grain size &om the pre-HIPed grain size of ASTM 

#5 (65 pm) to a poa-HIPed size of ASTM #4 (90 pm) [9]. Carbides and Laves phase 

present in the cast rnateriai act as pinning phases and thus aid in reducing excessive solid state 

grain growth during subsequent HIPing. 



As solidification proceeds some solute elements, such as niobium, are rejected in front of the 

solid-liquid interface rdting in higher concentrations at the grain boundaries in the cast 

microstructure. The high concentration of these elements leads to the formation of 

precipitate phases such as y", 6, and Laves at the grain boundaries. High niobium 

concentrations in grain boundary regions in cast alioy 718 has also been found to cause 

locatized increases in hardness which lads to increased tool Wear and occasional catastrophic 

tool failure [ 5 ]  

The solidification and precipitation sequence of Inconel 718 as determineci through 

dserentiai thermal analysis @TA) of samples from ESR IN-718 ingots by Murata (et ai.) is 

presented in Table 2-4 below. Temperatures are only approxhate as many factors wch as 

heat extraction rate and composition can greatly affect precipitation temperatures [2 11. 

Solidification or 

Precipitation Reaction 

Proeutectic y reac tion 

y + MC eutectic reaction 

Solidification and Precipitation 

Temperature [OC] (upon coollng) 

- 1360 

- 1290 

y + Laves eutectic reaction 

6 phase precipitation 

y" and y' precipitatioa reaction 

- 1160 

- 1145 

- IO00 



2.4 Electron Beam Welding of Inconel 718 

2.4.1 Introduction 

High-vacuum electron beam welding (EBW) owes its popularity to the fact that it is capable 

of producing very high purity, high quality welds with relatively small heat affected zones. 

One drawback however is that large parts require a large vacuum chamber. The foliowing 

discussion wiil describe some of the basic p~c ip les  of EB welding and general characteristics 

of weld solidification. 

2.4.2 Basic Pnnciples 

Electron beam welding involves the application of a coîiimated high-energy beam of electrons 

to the surfâce of the specimen to be welded. Electrons are accelerated to velocities of 0.3 to 

0.7 times the speed of iight via an electron gun with an accelerating potential of 25 to 200 

kV 1221. The kinetic energy of the electrons is converted into thermal energy as they impact 

with the surface of the workpiece. The high energy density beam causes instantaneous local 

melting of the weld material [22]. The high vacuum is required to produce high punty welds 

and also to avoid scattering of the beam electrons via collisions with Oz and N2 molecules in 

the beam path. 



A typical triode style electron guo consias of a cathode/grid/anode configuration where the 

cathode is a heated electron source (emitter) maintaineci at a high negative potential. The 

grid cup is a carefiilly designeci electrode which can be held at a negative bias witb respect to 

the cathode. The anode is an eiectrode held at ground potential through which the electrons 

pass as they are drawn ffom the emitter. Typical ernitting material is tungsten (W) or 

tantalum (Ta) with an emitting temperature of about 2480 OC (4500 OF). Mer passing 

through the anode the electrons are focused into an narrow high-emergy beam by an 

electroma~netic focusing coil. The electron gun assembly is always maintained in high 

vacuum in order to protect the gun components fiom impurity contamination and oxidation 

WI- 

2.4.3 Weld Solidification and Residuai Stress 

Fusion welds solidify via epitaxial solidification in which a soiid embryo nucieates on the solid 

surface of the melted back base metal. Epitaxial solidification is thus a heterogeneous 

process in which the wetting angle, v, of the spherical embryo cap relative to the onginal 

solid-liquid interface depends upon a balance of forces produceci by the interfacial energies. 

This balance of forces depicted in Figure 2-1 is described by equation (2.1) and (2.2) where 

is the solid-liquid surface energy, y~ is the solid weld metal-base metal surface energy, 

and y a  is the base metal-liquid surface energy. 



The approximations y s ~  -- O and y m  = 7% can be used since solidification is epitaxial and the 

composition of the weld metal and base metal are comrnonly very similar. This results in a 

wetting angle of w -5 O indicating that there is vimiaily no energy barrier to soiidincation and 

thus no undercooling is needed and solidification proceeds uniformiy over the entire solid- 

liquid intefiace area of the base metal grain. The initiai cryaai size of the solidifjmg weld 

metal will often correspond to the base metai HAZ grain size which can be considerably large 

in some instances. Thus the coarseness of the resulting weld metal structure may be afkted 

by the HAZ grain size. 

Figure 2- 1 : Heterogeneous nucleation of soiid weld metal embryo at fusion boundary [23 :67] 



Weld solidification is a rapid non-equilibrium solidification process. If it is assumed that no 

diffusion occurs in the solid, which is cornmonly considered a good assumption 123 : 7 1 1, then 

a favourably oriented crystal will grow under two different general cases namely, (1) pefiect 

mixing in the liquid and (2) diffusional rnixing in the liquid. 

Weld solidification is considered to be a combination of both of these mechanisms beginning 

with good mixing at the initiai stages and moving towards ditfusional &ng as solidification 

proceeds. In either case, solute is rejected in eont of the advancing interface which lads  to a 

solute rich centeriine which rnay be susceptible to hot cracking problerns. 

Cellular and Deadritic Solidification 

As solidification proceeds, the liquid ahead of the solid-liquid interface develops a build-up in 

solute concentration . If the new equilibrium solidification temperature, TE , of the solute 

e ~ c h e d  liquid at some point just ahead of the interface is above the actual temperature in the 

melt, TL , as s h o w  in Figure 2-2 , then the liquid is said to be constitutiody supercooled. 

Constitutional supercooling results in the formation and rapid growth of nodules Eorn the 

advancing interface since the tip of the growing nodule may stili be below the liquidus 

temperature. 



Figure 2-2: Constitutional supercooling resulting from soiute enrichment of the liquid ahead 

of the advancing solid-liquid interface [23 : 771. 



As a nodule grows it rejects çolute to either side thereby lowering the solidification 

temperature even M e r  at its root causing other protnisions to fom which eventually grow 

into a set of long, WtuaiIy paraiiel ceus. Rejected solute will be concentrateci between ceii 

walls. Secondary m s ,  and even tertiary anns, may develop and fom almg the primary ceIl 

walls and grow outward in the same manner as the primary celis grew from the planar 

inteditce. The cells are then considered to be dendrites. The cellular to dendritic transition 

depends upon cooling rates, cell spacing, and solute levels. It has been observed that higher 

cooliag rates tend to decrease ceU and dendrite arm spacing since higher cooling rates 

decrease the time available for rejected solute to d i s e  lateraily- 

Residual Stresses 

Thermal stresses generated in the weld and the surrounding material change as welding 

proceeds. As shown in Figure 2-3, there remains a high tensile and compressive residual 

stress in the base material to either side of the weld. The shape of the weld cross-section will 

also affect the residual stress levels around the weld due to different heat flow patterns 

[23:38]. It is these stresses generated during the welding thermal cycle which enable HAZ 

microfissuring t O occur. 



b. TEMPERATURE 
CHANGE 

C. STRESS es 

Figure 2-3: Schematic representation of changes in stress with temperature during the 

welding cycle [23: 3 91. 



2.4.4 Eff't of Welding Parameters 

Several general parameters can be controiied in EB welding in order to produce the desired 

weld. Tâese parameters include accelerating voltage, beam current, beam focus, w o r h g  

distance, and welding speed (travel speed) . Increasing accelerating voltage or beam current 

will incrûw depth of penetration by increasing the energy density of the beam. A sharper 

beam focus with a decreased beam spot size on the workpiece surface will decrease the EB 

weld head width and increase the depth of penetration while a slightly de-focused beam 

(Iarger spot size) would produce a wider weld head with less penetration. increasing welding 

speed will decrease the heat input per unit length and will thus decrease the overall cross- 

sectional size and heat input of the weld. 

2.5 Elemental Segregation Thmry 

2.5.1 Introduction 

Segegation of solute atoms to grain boundaries which occun durhg solidification, heat 

treating, hot working, and welding is an extremely important consideration in studying 

microfissuring since HAZ microfissuring in Inconel 718 is predomlliantly intergranular. 

Solute atoms residing at the grain boundaries at the tirne of welding may greatly e t  the 

weldability of the alloy. As previously discussed, niobium resides in higher concentrations at 



the grain boundaries due to solidincation behaviour and, due to the relative immobility of Nb 

in the gamma matrix during heat treatments. As a result, it is avaiiable to fom lower melting 

point phases such as Laves which can lead to liquid film formation in intergrandar regions. 

Other trace or impurity elements rnay iead to the formaiton of secondasr phase grain 

boundary nIms which will promote liquation cracking, however, the presence of such films is 

not necessary and it has been shown that high concentrations of irnpurity atoms residing at 

the grain boundaries may promote cracking without secondary phase formation [24:84]. 

Grain boundary segregation of trace elements has been found to occur via two primary 

mechanisms; namely equilibrium and nonsquilibrium segregation. 

2.5.2 Equüibrium Segregation 

Equilibrium segregation occurs when a materiai is exposed to elevated temperatures for a 

period of time which is sufficient to promote sigruficant difision of solute atoms to 

energetically favorable locations in the rnatrk 1251. The interfacial free energy of the loosely 

packed grain boundary regions is thus reduced by the absorption of segregating impurity 

elements. 

In 1957, McLean developed a quantitative model for the equilibrium concentration of solute 

atoms at grain boundaries [25]. McLean' s assumptions were; 



(i) only one segregating element is present 

(ii) only one type of boundary site exists 

(üi) there exists no site-to-site interactions 

Wlth these assumptions McLean formulated the following expression for the grain boundary 

concentration of segregating atoms (Cb) in atomic .fractions; 

Where C ~ O  is the saturation value of Ca Cm the matrix concentration of the segregant, and E 

the binding energy at the grain boundary. Since CbO is typicdy about one monolayer and Cm 

is of the order 104 we can approxirnate the above equation as; 

McLean went on to formulate more extensive equations considering the tirne dependence of 

segregation which are outlined in Huang's work [24] and are not repeated here. 



Non-equilibrium segregation occurs during coohg from high temperatures. Non-equilibrium 

segregation was firn observed by Westbrook who discovered a sigdicant grain boundary 

hardening in quenched alloys which could not be M y  explaineci by equilibrium segregation 

theories and suggested that another mechanism was operating. Non-equilibrium segregation 

occun via diffusion of vacancy-solute atom complexes down vacancy gradients toward 

vacancy sinks such as grain boundaries and Eee surfaces [25].  As the temperature decreases, 

a vacancy gradient is formed due to a corresponding decrease in equilibrium vacancy (and 

complex) concentration levels. The vacancy gradient creates a net flow of vacancies and 

vacancy-impurity complexes toward vacancy sinks. The degree of non-equilibrium 

segregation depends upon; 

(i) the heat treatment temperature and coolhg rate 

(ii) the concentration of solute atoms 

(iii) the vacancy-solute atom binding energy 

The existence of non-equilibrium as a strong segregation mechanism has been well 

established in various studies ushg such techniques as boron particle ~aclang 

autoradiography, secondary ion mass spectroscopy (SIMS), electron microprobe analysis 

(EMPA) for Zn, Cu, Ge, and Al, and çcanning transmission electron microscopy with energy 

dispersive spectrometry (STEMEDS) for Ti and Cr [26]. As heat treatment temperature 



hcreases the magnitude of non-equilibnum segregation wiii a h  increase for a given 

vacancy-buiding energy and coohg Fate as shown in Fig. 2-4 [24: 1 OZ]. 

Figure 2-4: Effect of vacancy-impurity binding energy (Eb) on the degree of non-equilibrium 

segregation (CdCd on coolùig to 750°C firom different heat treatment temperatures [24: 1021. 



2.5.4 Boron Segregation 

Boron segregation has been the subject of rnany investigations and in particular Karlsson's 

extensive work on boron segregation in austenitic aauiless aeel has proven very revealing. 

Due to the fact that the atomic diameter of boron is larger than typicai interstitiais like carbon 

and nitrogen but is still smailer than substitutional elements such as niobium and chromium, 

the migration of boron to loosely packed interfaces should be energetically favourable. 

It is also known that, as the heat treatrnent temperature increases, the degree of equilibrium 

segregation decreases and the degree of non-equiiibriurn segregation increases [26] as s h o w  

in Figure 2-5. However the degree of non-equilibrium segregation of boron in auste~ite was 

found to be arongly dependent on cooling rate and thus the slope of the non-equilibrium 

curve in Figure 2-5 will depend upon the cooling rate. 

Karlsson analyzed boron segregation for different cooling rates fiom different heat treatment 

temperatures and discovered that the highest degree of non-equilibrium segregation of boron 

to grain boundaries occurred for the highest heat treatment temperature and for an 

intermediate cooling rate of 13 OC/s. This cooling rate dependence was also found in other 

experiments on low and high alloy steels. Karlsson also noted that non-equilibrium 

segregation was still detected when cooling from high temperatures at high cooling rates (530 

OC/s water quench). Thus it was concluded that at high heat treatrnent temperatures non- 

equiiibrium segregation is the dominant segregation mechanism for boron in austenite. 



Figure 2-5: Schematic representation of boron grain boundary segregation after coolhg from 

different heat treatment temperatures. 



Special boundaries such as coherent twh boundaries are not efficient vacancy sinks like 

general grain boundaries. As a redt ,  no boron was found on coherent nvin boundaries. 

Karlsson aiso found little diEerence in the amount of segregation to high and low angle grain 

boundaries. It has been estimated that the binding energy of boron to ausenite grain 

boundaries is about 0.4 to 0.6 eV 

Huang aiso discovered a significant amount of non-equilibriurn segregation of boron in cast 

7 18 specimens air cooled fiom 1 163 OC but did not detect appreciable boron segregation in 

specimens water quenched fiom 1163 O C  [27]. A recent study detected ver- strong 

segregation of boron to grain boundaries in wrought Inconel 718 specimens which were air- 

cooled from different heat treatment temperatures [28]. Horton (et al.) recently confirmeci 

boron segregation to grain boundaries and did not find segregation of boron to y-y" 

interfaces [ 1 l ] . 

2.55 Segregation of Other Trace Elements 

Phosphorus has recently been shown to segregate to grain boundaries in heat treated 718 and 

it has been suggested that P CO-segregates with MO. The result of phosphorus segregation to 

grain boundaries has been suggested ro result in higher stress rupture life due to a decrease in 

grain boundary binding energy acwmpanied by an Uicrease in grain boundary cohesive force 

[29]. Horton also found phosphorus and carbon to segregate to grain boundaries and 



suggested that an increase in stress rupture life due to boron and phosphorus additions may 

be the result of the elements afkting dislocation mobility by some puinuig mechanism [ I l ] .  

Guo (et ai.) h d  phosphoms segregation to grah b o d &  dmeases 6 nudeation and 

growth 181. Guo (et ai.) ais0 found Si to segregate mongly to grain boundaries. 

Mulford demonstrated equilibrium segregation of S in Ni and bhary doys with Cu, Ai, Cr, 

Mo, W, and Hf and did not detect CO-segregation effects between sulfûr and the other 

elemems [30]. Mdford considered the experimental resuks to agree welt with the thmetical 

mode1 of McLean for equiiibrium segregation. Thompson also found sulfur segregation to 

grain boundaries in [3 1 1. 

2.6 Mechanisms of H A 2  Microfissuring 

2.6.1 Introduction 

Investigations into the nature of kat-affected zone (HAZ) niicrofissurulg h M o y  7 1 8  have 

pointed to the iiquation of Laves and primary carbides as the main contributing factors in 

intmgrmutar HAZ iiquation cracking [ 16,321. However many other factors have been found 

to contribute to the HAZ microfissuring phenornenon. Such factors as processing, welding 

parameters, pre-weld heat treatments and grain sLe can create rnicrostructtd conditions 

which favour certain microfissuring rnechanisms. These HAZ microfissuring rnechanisms 



inchide grain boundary liquation and wetîing, grain boundq sliding and weld metal 

backnlling. Elementai segregation of trace elements to grain boundaries has recently ben 

found to be a major concem in HAZ microfissuring analysis as it appears that trace elements 

such as boron in high concentrations at grain boundaries may reduce the grain b o u n d q  

rnelting point and thus encourage HAZ grain boundary meltuig durirtg welding without the 

need of a secondary phase film to be present. 

2.6.2 [ntergraoular Liquatioo Cracking in H A 2  

During the welding cycle, secondary phases such as carbides and Laves phase in the HAZ 

may liquate at the grain boundaries. This liquid may then travel along the grain boundary 

through grain boundary wetting. If this liquid is produced and is capable of wetting the grain 

boundaries and thus producing a continuous liquid film along HAZ @n boundaries the alloy 

would become highly susceptible to liquation cracking. Liquation cracking will occur as this 

liquid solidifies into a weak, brittle intermetallic phase which cannot withstand the thermal 

stresses present in the W.  Grain boundary sliding is aiso a comrnon phenornenon leading 

to liquation cracking since the wetted grain boundaries are fke to slide relative to one 

another. Upon coohg the stresses created by this movement are sutFcient to cause 

separation of the grain boundaries, thus forming intergranular cracks. Thompson found that 

niobium carbides did not reprecipitate from grain boundary liquid and the intergranular liquid 

acted as a pseudo-binary of gamma and Laves phase [16]. Thompson aiso suggests that 



grain boundaq migration during elevated heat treatments may cause grain boundaries to 

intercept carbides which will increase the amount of carbides present at the grain boundaries 

and available for formation of grain boundary Iiquid. 

It has been mggesteci that boron is a major contributor to liquation cracking as it may be 

responsible for allowing the grain boundary wetting phenornenon to  take place when grain 

boundary liquid is present [ 14,161 and act as a grain b o u n d q  melting point nippressant [ 1 71. 

2.6.3 Effert of  Aiioying Elements and Secondary Phases on Weldabüity 

As previously discussed, Inconel 718 is a highly alloyed nickel-iron-based superalloy in which 

each alloying addition plays a particular role. Some of these alloying additions, however, 

affect the weldability of the alloy. Table 2-5 below lias the general degree of influence of 

different aiioying elements on weldability of nickel-base superalloys 1141. Niobium is 

considered beneficial because it aliows y" strengthening to occur as opposed to y' and thus 

avoids the stain age cracking problem. However, as discussed earlier, niobium carbides and 

Laves phase lead to liquation HAZ cracking problems. 

High boron content was found by Kelly to be a major contributing fàctor to HAZ 

microfissuring in cast 718 [14]. Kelly discovered that liquated Laves phase in the HAZ 

immediately wet the grain boundaries in high boron 718 (100pprn) but melted in situ in the 



non-boron heat. V i t  suggested that boron is the most likely segregmt which acts as a 

melting point depressant with possible synergistic effects f?om other trace elements [17]. 

Kelly found that hi& iron and low silicon were detrimental to  weldability. Keiiy theorized 

that this is due to the Enct that iron promotes Laves phase fomt ion  and lowering siliwn 

content causes carbide morphology to change fiom blocky to script where the more angular 

script carbides will act as crack initiation sites. content seemed to have variable 

dects depending on k a t  treatment but no explanation for this behaviour was found and thus 

niobium is considered to simply be a source for low melting point phases such as Laves phase 

and not directiy beneficial or detrimental to weldabiiity. Kelly's work also showed that 

higher sulfur contents had no detrimental effects on weldability whereas the dect  of 

phosphorous on weldability was unclear. H a f b m  and zirconium did not seem to affect 

weldability . 

Manganese 

Copper 

Chromium 

Iron 

Cobalt 

Varis ble 

Aluminum 

Titanium 

Carbon 

Molybdenum 

Silicon 

(Pb) 

sulfur (S) 

Phosphorus (P) 

Zirconium (Zr) 

Boroa (B) 



Kelly found that carbon content had no eEect on weldability however the more extensive 

work done by Thompson (et al.) showed a definite increase in liquation cracking with 

increasing carbon (and thus carbide) content in cast 7 18 [ 161. 

2.6.4 Effwt of Pre-Weld Heat Treatrnents on Weldability 

The purpose of pre-weld heat treatments is primarily to cause as much of the secondary 

phases present in the alloy to go into solution so as to avoid their interference with the 

welding process. Strengthening phases must be dissolved to avoid cracking tendencies due 

to internally generated stresses which occur during the welding cycle and other detrimental 

phases, such as Laves phase, must be dissolved in order to reduce the nsk of HAZ liquation 

cracking. It is important to note however that the relatively large atomic radius of niobium 

atoms greatly reduces their mobility and thus they will remain highly concentrateci in the grain 

boundaiy regions when a cast component is heat treated [14]. This relative immobility of 

niobium atoms allows them to be readily available to re-fom Laves and other phases at the 

grain boundaries during the welding cycle, d u ~ g  subsequent heat treating, or in service. . 

Vincent suggested that higher solution temperatures should enhance segregation of grain 

boundary melting poim depressants such as boron and hence increase liquation cracking at 

HAZ grain boundaries 1171. Vddez and Steinman found liquation cracking to increase as 

solution heat treatment temperature increased above 1950 O F  (1066 OC) [16]. High 



temperature heat treatments as well as heat treatments of extended times can also cause grain 

growth and grain boundary migration since Laves phase and possibly other minor phases 

which may act as pinning phases and impede grain growth have gone into solution [9]. Laves 

phase is typically completely dissolved into the matrix from solution and homogenization heat 

treatments whereas these heat treatments have littie effect on carbide content and 

morphology [15]. The typicai homogenization and solution anneal heat treatments for 

Inconel 71 8 are ( 2000 OF (1093 OC) / 1 hou ) and ( 1700 OF (927 OC) / 1 hour / air cool ) 

respectively [16]. This solution heat treatrnent often Ieads to the formation of intergranular 6 

needles which, as Vincent has theorized, a c W y  decreases microfissuring susceptibiiity in 

wrought 7 18 [24:6 11. A large volume fraction of ô-phase was found, via hot ductility testing, 

by Mehl and Lippold to decrease repair weldability of cast alloy 718 [33]. Mehl and Lippold 

found that liquation cracking susceptibiiity of ô-phase embrittIed 7 18 was greatiy reduced 

when a pre-weld solution heat treatment temperature of 1038 OC was used which dissolved 

much of the &phase. A 927 O C  pre-weld heat treatment had no effect on hot ductility 

behaviour of the alloy. 

Solution heat treating above 1000 OC wiU maintain the "cleaner" microstructure produced 

through homogenization heat treatments. Age hardening heat treatments are perfomed at 

1200 O F  (649 OC). Table 2-6 below provides the various temperature ranges over which 

dierent phases form during heat treating and cooling (or perhaps exceedingly high service 

temperatures) and to what t e m p e m e  they remain stable when present [24]. This table 

indicates that carbides as well as nitrides and borides will not be greatiy affected by heat 



treatments which are normally conducted at or below 1200 OC but homogenization heat 

treatment temperatures approaching 1200 O C  wili be usefid in dissolving Laves and delta 

phases [34]. Hornogenization heat neatments are followed by rapid (water) quenching to 

avoid or minimize re-precipitation of these phases. 

Precipitate Phase 

Laves 

1 Gamma Dbl. Prime (y") 1 - 712to 899 I - 677 I 

Carbides 

Delta (6) 

Borides and Nitndes I upon solidification I - 1225 to 1290 I 

' Temperature of Formation [Oq 

- 1167 

2.6.5 Elemental Segregation Effects 

' StabZty Temperature [OC] 

- 1175 
upon solidification 

- 843 to 995 

Among the numerous studies of elemental segregation in alloy 718 and other nickel-base 

superalloys some have also considered the effect of elemental segregation on microfissuring 

susceptibility. Kelly reported a 3 1% increase in total crack length (TCL) when increasing the 

heat treatment nom 1093°C /lh to 1163 OC HIP + 1093OC /lh in cast 718 [14]. Huang 

suggested a direct correlation between heat treatment temperature, degree of boron 

- 1235 
I - 1 O i O (wrought) 



segregation, and total crack Iength in specimens of conventionaüy cast 71 8 heat treated at 

different temperatures though the resuhs were not M y  conclusive s k  the study was not 

designed specificaiiy to answer this question [27]. 

A recent work by Chen (et al.) demonstrateci a direct correlation between cooling rates, 

boron content, and microfissuring susceptibility [28]. Chen (et al.) found that boron 

segregation to grain boundaries increaseci in high boron wrought 718 as cornparecl to the 

same alloy with low boron content and also that boron segregation was much aronger in air 

cooled specimens as compareci to water quenched. Finally, Chen (et al.) discuvered that 

microfissuring was greatest where boron segregation was greatest and lowest for the 

condition of least boron segregation. This suggests that HAZ microfissuring susceptibility in 

Lnconel 7 18 may be directiy affecteci by boron concentration Ievels at the grain boundaries. 

2.6.6 Grain Size E f f e t  

It has been established that microfissuring in wrought alloy 71 8 is Iinearly dependent on grain 

size and that wrought material is generally more resistant to microfissuring than 

cunventionally cast material which hm a very large grain size (typically 2 to 10 mm) [35]. 

Thompson (et al.) suggested that a larger grain size dows for increased volume fiaction of 

intergranular liquid in the HAZ grain boundaries which could affect the temperature range 

and time that is available for the liquid to wet the grain boundaries and thus result in more 



extensive grain boundary sliding. Thompson also theoried tbat the longer distance between 

triple points, and hence an increased interfhce sliding length, in a larger grain size material 

increases the strains experienced at grain boundary triple points and thus raises the potential 

for crack initiation at triple points. 

2.6.7 Effkct of Wdding Parameters on BAZ Microfmuring 

As previously mentioned, changes in EB welding parameters affect the weld shape and total 

heat input per unit length. Changing wdding parameters has also been found to affect HAZ 

microfissuring in several studies. Huang discovered a correlation between cracking index 

(C. 1.) and weld travel speed in conventionally cast 7 1 8 given by; 

where travel speed is in cdrnin and C.1. is in cm/cm2 [24]. Other work on lncoloy 903 

resulted in the following equation; 

C.I. = 0.000394 SPD - 0.0034 A - 0.0027 V + 0.013 (P/Wm) + 0.00016 WD 

where SPD is welding speed [mm/min], A is welding current [mA], V is accelerating voltage 

[kW, P is depth of penetration, Whm is middle weld width, and WD is working distance. 



ï he  overall resuit is that increasing current and welding speed may maintain the same heat 

input per unit length, however, the material is subjected to higher thermal gradîents. As their 

is l e s  time for p r e h e a ~ g  in fiont of the weld and fàster cooling behind the weld, the stresses 

generated will be greater and thus are likely to aggravate HAZ microfissuring. 

ModiMng welding parameten to alter the transverse weld profile has also been found to 

affect microfissu~g susceptibility. Boucher (et al.) found that microfissuring was eliminated 

at weld head width (ma) to weld height (penetration) ratios above 1.6. Increasing welding 

speed has been found to decrease this ratio and thus aggravate HAZ cracking by changing the 

weld profile which may lead to stress increases in high stress HAZ areas such as under the 

shoulder of the weld 1361. 

2.7 Scope of The Investigation 

Several key points fkom hterature must be noted in order estabiish the purpose and scope of 

the study undenaken herein. One prirnary consideration is the fact that the MXcast 

microstructure is a unique cast structure which has been recently introduced into actual 

production components however weldability studies have yet to be done on this alloy. It has 

been shown that boron segregation to grain boundaries has been the subject of recent concem 

regarding its potentially detrimental effécts on weldability of Inconel 718 in general. 

Furthemore, electron bearn (EB) welding produces consistent hi& quality welds and enables 



car- control of the welding parameters and thus iatroduces less outside emr than other 

welding techniques such as TIG welding (Tungsten Inen-Gas). Finaily, it has been noted that 

secondary phases such as Laves phase, y" and 6 phase can peatly affect weldability of d o y  

7 1 8 and thus these mua be removed through pre-weld solution heat treatment. 

In considering these known factors and what is yet unknown a foc& study on the MXcast 

d o y  was developed. The pnmary purpose of the investigation was to study the effect of 

dserent pre-weld heat treatments on the electron beam (EB) weldability of the MXcast IN- 

7 1 8 alloy and to characterize the microstructure of the material both in as-cast condition and 

after heat treating at various temperatures and times. This primary objective entailed several 

components which needed t O be studied. Material characteriration included the measurement 

of grain size and volume &action of secondary phases through optical image analysis as well 

as morphological and crystaifographic observations on SEM and TEM as well as 

wmpositionai analysis via EDS (SEM and TEM). Heat treatment deveiopmem iwolved 

devising an optimal homogenization heat treatment which dissolved mon of the secondary 

phases while maintaining the fine grain size of the alloy and solution kat tre8tments which 

varied boron segregation levels while maintaining the hornogenized structure and enabling 

theoretical equilibrium segregation levels of s u b r  to be acheived. 

EB weldability was evaluated in terms of actual HAZ microfissuring observations and 

quantification in heat treated samples through crack length measurement and SEMiEDS 

analysis. The study also considered segregation mechanisms and effects of elemental boron 



and sulfiir and the relationships between elemental segregation, heat treatment temperatures 

and tùnes, d i n g  rates, secondary phase Uitenictions, grain orientations and HAZ 

microfissuring. Weldmg parameters and grain size were maintaineci constant throughout the 

midy and all experimental procedures were consistent both w&in the study and with 

conventional practices. 



CHAPTER THREE 

EXPERIMENTAL PROCEDURES 

Tables 3-1 and 3-2 provide the composition and mechanical properties of the MX 71 8 d o y  

used in this study and provided by Howmet corporation. The as-received MXcast (and 

HIPed) plates were 14.6 cm x 20.5 cm (not hcluding end risers) of approximately 16 mm 

thickness with risers on each end as shown in Figure 3- 1. 

Figure 3- 1 : As-received Microcast-X Inconel 7 1 8 plate. 



1 Nickel (Ni) 5 2 8 f  Siiicon (Si) 0.02 

[ Chromium (Cr) [ 18.85 Manganese (Mn) [ < 0.1 
b 

Iran (Fe) : Bal.(1%.88) Zirconium (Zr) 0.0 1 

1 Molybdenum (Mo) 1 3 -04 l Boron (B) 1 &MM 

1 Tcnsile Strength m a  (lui)] 1 1240 (1799) 1 Elongatioo 1%1 1 w.1 

I I Yield Strength w a  (ksi)] RA. [%I- 
(0.2% offset) I *Oe7 

3.2 Cooling Rate Tests 

Coohg rate tests were performed on a test piece of cross section and length equivdent to 

the weld specimen sizes used in the electron-beam welding analysis. The cooling rate test 

involved the use of an irnplanted thermocouple lead at the approximate center of the 

specirnen and an extemal thermocouple located on the outer surface adjacent to the intemal 

thennocouple lead as shown in Figure 3-2. Data was recorded ushg a Omegaline 600A 



plotter connected through two Ornega digital thennocouple temperature controiier dis plays 

and thermocouple leads. Specimens were quenched in an ice-brine mixture for water 

quenching resuits and cooled in nont of an electnc fan for air cooling rates. 

Figure 3 -2: Cooling test specirnen schematic 

3.3 Heat Treatments 

Preliminary Homogenization Heat Tnatments 

Extensive preliminary heat treatments were conducted on the as-received material to first 

establish the effect of Werent homogenization heat treatment temperatures and times on the 

microstructure of the alloy. These heat treatments were done at 1 150, 1 175, and 1200 O C  for 

different times as shown in Table 3-3 followed by water quenchmg in each case. AU heat 



treatments were done in a cyhdrical tube furnace, as shown in Figure 3-3, with specimens 

seaied in Conkg Laboratory Glassware high temperature quartz glas which was first 

evacuated to at least t x l O-' torr then f led wiih Argon to a pressure of approxbnately 1 50 

mmHg pnor to sealing with an oxy-acetylene torch. E n c a p d a ~ g  specimens prior to heat 

treatment greatly reduced oxidation of the spechens. 

1 Temperatun [ O C ]  1 Heat Treatment Times [Hours] I 

Figure 3-3: Heat treating fumace for al1 MX IN-71 8 specimens 



Mer careful consideration of the resdts dong with some experimentation with slow heating 

to prevent constitutional liquation of Laves phase, it was found that the optimum 

homogenization heat treatment to be used in M e r  studies was; slow heating nom 1000 O C  

to 1200 OC over 70 minutes and a 30-minute hold time at 1200 OC, foliowed by water 

quenching in ice-brine. This primary heat treatment wiii be hitherto referred to as W" in 

designated heat treatments. 

Solution Heat Treatments 

Solution heat treatment times were calculated using a diffusion distance of 100 pn for boron 

and s u h r  diffusion using equation (3). Table 3-4 sumrnarizes the calculated results and 

Table 3-5 provides the final solution heat treatments. Each sarnple was given the primary 

homogenization heat treatment, FI, follo wed b y a designated solution heat treatment as per 

Table 3-5. Theoretical elemental diffùsion rates were calculated as foiiows [26: 1 O]; 

Boron: D = (2 .0~1  O-') exp[-0.97 / kT] 

Sulfur: D = ( 4 . 6 ~  1 O-') exp[-2 13 -6 1 RT] 



where: 

D: diffusion coefficient [m2/s] 

T: heat treatment temperature [K] 

k = 8-61 7xl0-' [eVK] 

R = 8.3 l~xlo-' [kJ/mol KI 

The tirne needed to reach equilibnum segregation for a given temperature, T, and a given 

grain size diameter, d, was calculated by: 

Temperature rC.1 

Io00 

1050 

1100 

1150 

1200 

Boron [sec.] 

162.3 

1 18.6 

88.7 

67.7 

52.6 

Sulfur [hm.] 

28.4 

13.3 

6.5 

3.4 

1.8 



Temperature (OC1 
L 

IO00 

'WQ = Water Quenching and AC = Air Cooling 

1100 

1150 

The 1000 OC and 1200 OC solution heat treatments were eliminated because the 1200 "C heat 

treatment would produce grain growth and the 1 O00 OC heat treatment produced 6 needles as 

discussed later. Thus six different heat treated conditions were fùrther analyzed. These are 

designated; H+S 1 OSOAC, H+S 1 1 OOAC, H+S 1 1 SOAC, H+S 1 O5OWQ, H+S 1 1 OOWQ, and 

H+SI ISOWQ with S refening to solution heat treatment, and 1050, 1100 and 1150 the heat 

treatment temperature in OC and AC and WQ refer to air cooling and water quenching 

respectively. 

Heat Treatment Time 
p3oursl 

30 

Cooling Method 

WQ and AC* 

8 

5 

WQ and AC* 

WQ and AC* 



3.4 Sample Preparation 

3.4.1 Metallographic Eumination 

Samples for metallographic examination (both optical metallography and SEM) were almoa 

always sectioned fiom blocks of heat treated or as-cast material using a LECO CM-24A 

cutoff machine with LECO 8 1 1-975-0 10 ( a h  976 and 978) fiction disks. The inconel 71 8 

specimens were found to be exceedingly ditficult to cut using a diamond saw as the blade 

edge duiled very quickly and so required repetitive sharpening. Some sectioning was also 

accomplished using a Agemespark F400 EDM wire cutting machine as later discussed for 

thin foil specimen preparation. Samples were then mounted in thermosethg bakelite resin 

using a standard Buehfer Simplimet II mounting press. Heating and cooling times of 

approximately 15 minutes each and a pressure of 5 ksi ensured a good mount. Specimens 

were then polished mechanically using abrasive Sic papers on g ~ d i n g  wheels and a hand 

grinder table from 80 to 600 grit followed by diamond polishing on polishing wheels typically 

up to 1 pn diamond slurry and even LINDE B alurnina abrasive when needed for high 

magnification observations and optical metallography . Although several etchants were 

attempted it was found that a slightly stronger variation of Kalling's No.2 swab etchant (100 

mL Ethanol, 100 rnL HCI, 5 g of CuCl2 ) produced the best results. 

Optical micrographs were produced using a Mkon FX-35A 35 mm camera mounted on a 

Nikon EPTPHOT-TME inverted optical microscope, as shown in Figure 3-5, with black and 



white ASA 125 film. Film and prints were developed using Kodak developing and fixer 

solutions. SEM micrographs were produceci using Polaroid Professional 53 coaterless Yx5"  

ISO 800130" instant sheet film- 

3.4.2 Carbon Extraction Replicas 

Carbon extraction replicas for both SEM and TEM examination were created using a 

rnounted, polished and etched specirnen onto which carbon was deposited in an Edwards 

Auto 306 Vacuum Coater under a vacuum of about 1 x 10" torr. The specimen was rotated 

during carbon deposition to achieve a more uniform coating. Foilowing carbon deposition 

the carbon film was scribeci into a grid of squares approximately 4 mm2 using a sharp edge. 

The specimen was then re-etched for several seconds via immersion in the original Kallings 

No2 reagent. The carbon film was then floated off in distillai water by lowering the sample 

slowly into the water at a shaiiow angle. Water surface tension pulls off the carbon film. The 

carbon film pieces were then gathered and dried on 3 mm diameter, 200 mesh, copper grid 

disks for subsequent TEM and SEM examination. 



3.43 Thin Foil Specimens 

The first aep in preparing thin foi1 specimens for TEM examination was to create thin wafers 

(approximately 300 p thick) cut via wire EDM (eleczro-discharge machining). These 

wafers were then rnechanically ground to remove the recast layer produced via EDM cutting 

and fùrther ground down to an even thickness of approximately 100 p for electropolishing 

and 50 to 75 p n  for ion rnilling. 3 mm diameter discs were then punched from these wafers. 

Electropolished specimens were produced using the cornmon jet polishing technique. The 

electropolishing solution and conditions used were 1W perchloric acid (HClo4) in methanol 

with as low a cunent as possible (100 mA is very good), a voltage of 15 V and a medium 

flow rate. Ion milleci disk specimens were fkst dimpled on each side in the center of the disk 

fiom the starting 50 to 75 pm thickness down to approximately 20 pm using a Gatan 656 

Dimple Grinder. M e r  dhpling the specimens are ion miiled using a Gatan Mode1 600 Dual 

Ion Mi11 . 

3.4.4 Welding and STMS Analysis Specimens 

After the final heat treatments had been chosen and verified, welding specimens were cut 

from the as-received material in bars of approxirnatdy 7.2 cm in length and 16 mm x 16 mm 

cross-section as s h o w  in Figure 3-4. AU welding specirnens were sealed in quartz glass as 

previously describeci. Each 7.2 cmlong welduig specimen was given the primary 



homogenization heat treatment, H, then sectioned in two and each haif was given a 

designated solution heat treatment followed by one half being water quenched and the other 

air cooled. Specimens for SIMS analysis were sectioned as cross-sectional wafers nom the 

'center-end" of the original heat treated welding spechnens prior to welding as shown in 

Figure 3-4. SIMS Specimens were Qiven a fine (1 pm or better) mechanical polish in 

preparation for analy sis. 

Pnor to eiectron beam welding the designated weld surface of each specimen to be welded 

was mechanically ground down to 600 grit Sic paper and cleaned in ethanol in an ultrasonic 

cleaner. Following EB weldig each welded specirnen was seztioned in cross-sectional 

wafers perpendicular to the weld via EDM machiring. One set was sectioned in-house using 

the aforementioned wire EDM cutter while the other was sectioned at Bristol Aerospace 

Limited. Following sectionhg all specimew were mounted, polished and lightly etched as 

described in section 3.4.1 and displayed in Figure 3-4. 



Figure 3-4: Specimens for EB welding, SIMS, optical, and SEM analysis. 



3.5 Instrumentation 

3.5.1 Optical Microscopy and Optical Image Andysis 

Primary opticai metdographic observations were conducted using a Nikon EPIPHOT-TME 

inverted opticai microscope with a magnification range of 25 to 1 OOOX and Nikon 35mm and 

Polaroid carnera attachments for image recording as shom in Figure 3-5. Volume fhction 

and grain size rneasurernents as weii as other optical rnetallographic observations were 

conducted on a Leitz Image Analyzer. Volume fraction analysis was conducted using manual 

variable contras point counting techniques. 

Figure 3-5: Nikon EPIPHOT-T'ME inverted optical microscope 

Great care was taken in each image anaiyted that only the desired phases were being 

counted. Grain size meanirements were done entirely via extensive manual grain boundary 



intercept counting with three Line orientations, five parallel Lines per screen, approxirnately 40 

grains per image and over 20 images analyzed per condition. Deviations were al1 calculateci 

using the standard 95% confidence interval. 

3.5.2 Seanning Electron Microscopy (SEM) 

SEM microstnichiral examination is one of the moa informative and reveaiing methods for 

microstructural research. Microstructural examination using Secondary Electron Imagùig 

(SEI), electron back-scatt er imaging and Energy Dispersive S pectrosco py (EDS), for 

compositional analysis, as well as ail HAZ microfissuring measurements were conducted on a 

JEOL JXA-840 SEM (Figure 3-6). Basic SEM and TEM principles and components are 

described in detail elsewhere in iiterature and thus will not be discussed here [37,38,39]. 

3.5.3 Transmission Electron Microseopy (TEM) 

A JEOL 2000 FX TEM and Tracor Northern mode1 TN 5400 EDS detector were used to 

conduct TEM examination of thin foi1 specimens and carbon extraction replicas of both the 

as-received materiai and heat treated specimens. Diihction patterns tiom single carbide 

particles dong with Kikuchi patterns to center the difhction patterns dong a particular zone 

axis, were used to detexmine the cryaal structure of the particles. 



Figure 3-6: Jeol840 Scanning Electron Microscope (SEM) 

3.5.4 Hardoess Testing 

Although hardness testing was not ctitical to this study, macrohardness values of the 

variously heat treated specimens were measured using a standard Vickers pyramid hardness 

testing machine with a 10 kg Ioad shown in Figure 3 -7. 



Figure 3-7: Jeol2000 FX TEM (lefi) and Vickers hardness testing machine (right) 

3.5.5 Secondary Ion Mass Spectrornetry (SLMS) 

STMS analysis was vital to this investigation. SIMS equipment is capable of surface 

compositional analysis (to a depth of 5 to 10 nm) of trace elements in the parts per billion to 

parts per million range for a very wide range of elements and isotopes [40]. The basic 

principles of SIMS analysis is the bombardment of the d a c e  to be analyzed with a focused 

energetic beam of ions under a high vacuum. The collision of the impinging primary ions 

with the specimen s d a c e  causes the ejection (sputtering) of surface atoms and molecules. 



Some of the sputtered particles are charged (positively or negatively) and are tenned 

secondary ions. These secondary ions are thm passed thmu* a m a s  spectrometer and thus 

the ions of dierent characteristic masses are separated for analysis. As a remit, trace 

elements on the surface can be analyzed and located relative to one anotfier, relative to other 

elements, or relative to other surface features such as grain boundaries. The spatial resolution 

of SIMS equipment is typicdy in the order of a few microns. 

SIMS analysis was conducted at CANMET laboratones in Ottawa, Ontario on a Cameca 

MS-4f Secondary Ion M a s  Spectrometer and Photometrics Series 200 CCD Peltier cooled 

camera with the assistance of Dr. Gregory S. McMahon. Boron and sulfur were the two 

trace elements analyzed via SIMS. Boron detedion was &ved using an oxygen (Oz-) 

p r i m q  ion bûun with a 250 p diameter cirdar imaging area and detection of '%"OZ 

(mass 42) molecuiar ions. Sulfiir detection (S' secondaiy ion) was achieved using a cesium 

(Cs-) primary ion beam and 100 pm diameter im@g area Figure 3-8 displays a schematic 

of the SIMS equipment layout and the actud SIMS used. 



Figure 3-8: SIMS schematic (top) and actual Cameca MS-4f SIMS (boaom) 



3.5.6 Orientation Imagiog Microscopy (OLM) 

OIM Specimens were prepared &om the some specimens used for SIMS d y s i s  rnou+d in 

a semi-circular bakeiite mold in order to accommodate the specidy designed specimen 

holder. OIM spocimens were mechanicaliy polished to 1 micron fimsh and then 

electropolished using a 20% suifuric acid in methanol in order to minimire surface 

deformation due tu mechanical polishiog. 

3.5.7 Electron Beam Welding and Evaluation of Microfissuring 

Electron beam welding of specimens was conducteci at Bristol Aerospace L d e d  in 

Winnipeg, Manitoba using a Sciaky Mark M electron-beam welder. A single-pass, focused 

on Wace, bead-on-plate electron beam weld was created on the weld specimens using EB 

welding parameters give in Table 3-6 below. These welding parameters were chosen to be 

identical to those used by Dr. Xiao Huang in her doctoral research in order to create some 

possibilities for cornparisons of results. AU welding was done at the same t h e  under 

controlled conditions in order to maximize consistency in the renilts and reduce the 

possibility of introducing outside error. Two sets of weld specimens of the same size and 

same heat treatments were EB welded in order to demonstrate repeatability of the results. 

Since the trends in each set corresponded wel with each other the micro fissuring results are 

presented as one large data set. 



Microtissuring evabtion was conductecl on the SEM ushg image collection and analysis via 

manual measurement of hear segment approximations of each individual microfissure 

surrounding each cross-section analyzed. A correction factor of 1.3 was needed to transform 

the image length measured via the IPP program into an actual length in microns. This 

conversion fàctor was detennined using a staidess steel optical standard and correlating the 

measurements obtained on IPP to acnial lengths marked on the standard. The conversion 

factor was found to be consistent over the rnagntfication range used for microfissure length 

measurement. 

T r a d  Speed 

Accel. Voltage 

HAZ Area Estimation 

60 ipm 
(152.4 cm/&) 

44 kV 

HAZ area was assumed constant for ail welds since welding parameters were kept constant 

and thus the heat input per unit length and weld shape was also constant in al1 cases. HAZ 

area was estimateci using the opticdy visible line of liquated or partially Pquated Laves and 

other phases surrounding the weld cross-section in the as-cast welded specimen. One side of 



the HAZ was sectioned into areas which were measured on the Leitz image d y z e r  and the 

result multipiied by two due to symmetry of the weld profle. 

HAZ area was needed to calculate what is known as the Cracking Lndex (CI). CI is 

calculated by; 

where Z L, = Total Crack Length for a given cross-section. 

CI is a useful indicator of the extent of microfissuring suice other welds may have different 

heat inputs or weld profiles and hence different HAZ areas. By nomalizing the total crack 

lengths measured with the total HAZ area, the results cm be compared to other EB weld 

microfissuring data using different HAZ areas. 



CHAPTER FOUR 

RESULTS 

4.1 Microstructural Examination 

4.1.1 Microstructure of As-Received Microcast-X 718 Material 

As shown in Figure 4- 1, the microstructure of the Microcas-X matenal was he-grained and 

non-dendritic in nature as opposed to the highly dendritic large-grained microamcture typical 

of conventionaiiy cast 718. The as-cast (and KlP'd) materid was found to display extensive 

amounts of precipitates of various morphologies which were identified through both 

morphological observations and cornpositionai EDS andysis (presented iater). Laves phase 

was primariIy Iocated at @n boundary triple points and surrounded by y" particles. MC 

carbides or carbonitrides (M(C7N)) were observed to be evedy dispersed within the grains 

and occasionaüy appearing dong grain boundaries. The 6 needles comrnoniy found in 

conventionalIy cast 718 appeared only rarely among clusters of y" panicles. Figure 4-2 

displays the &ides, rare 6 phase needles, Laves phase, and y" precipitates at higher 

magnification. 



Figure 4- 1 : As-received Microcast-X Inconel 7 18 (top) and conventionai cas 718 (bottom). 



Figure 4-21 SEM micrographs at 6000X (top) and 500X (bottom) magnifidon showing 

Laves phase , y" particles, 6 phase and carbide precipitates found in as-cast MX IN-71 8. 



4.1.2 Microstructure After Homogenization Heat Treatments 

M e r  conducting the various homogenization heat treatments, discussed in Chapter 3, it was 

found that many of the heat treatrneots produced very sùnilar microstructures and thus only 

one micrograph is presented below for each type of microstructure. Ail homogenization heat 

treatments dissolved ail y" precipitates and linle or no re-soliMed Laves phase remained. 

However residuai Laves was detected in specimens heated quickly or heat treated for very 

short penods of tirne. Grain growth was aiways sporadic with a sudden increase in growfh, 

forming mixeci clusters of s m d  and large grains which later stabilized at a large grain sise 

d e r  sufticient time at a particular heat treatment temperature, as shown in Figures 4-3 to 4- 

5. The optimum homogenkation heat treatment of 70 minutes slow heating fkom 1000 O C  to 

1200 OC foUowed by a holding t h e  of 30 minutes at 1200 OC then water quenching resulted 

in virtualy no residual or resolidïed Laves phase and thus the "cleanest" microstructure 

achieved with no s igdcant  grain growth. Carbide (and carbonitride) volume percentage 

remained the same while ail other observable phases had gone into solution. 



Figure 4-3 : Homogenized microstructure with little or no grain growth achieved for heat 

treatments of 4 hours at 1 i 50 OC, or 1 hour or Iess at 1 200 OC. 

Figure 4-4: Homogenized microstructure with sporadic mixed grain growth achieved for heat 

treatments of 5 hours at 1 175 OC, or 1 to 3 hours at 1200 OC. 



Figure 4-5: Hornogenized microstructure with stable large grains achieved for heat treatments 

of >15 hours at 1 150 OC, >10 hours at 1 175 OC, or >4 hours at 1200 OC. 

4.1.3 Microstmcture After Solution Heat Treatments 

The microstmcture of al1 the specimens which were given one of the six designated heat 

treatments following the initial optimum homogenization heat treatment was a clean fine- 

grained microstructure as shown in Figure 4-6 with a small amount of fine precipitates 

(Figure 4-8 and 4-9), identified via TEM to be a mixture of fine sulfide particles and 

occasional particles high in Mo (likely to be carbide or boride particles but were not 

identifiable via TEMEDS due to difficulty in light element detection), appearing dong grain 

boundaries as well as within the grains. Solution heat treating at 1000 O C  created extensive 6 

phase formation as show in Figure 4-7. 



Figure 4-6: Solution heat treated microstructure with no grain growth achieved for heat 

treatrnems of 14,8 and 5 hours at 1050 O C ,  1 100 OC and 1 150 OC respectively at 100X (top) 

and 5ûûX (bottom) magnification. 



Figure 4-7: Solution heat treated microstructure with extensive 6 phase formation dong grain 

boundaries resulting for a solution heat treatment of 30 hours at 1 0 0  OC (AC and WQ). 

Figure 4-8: SEM micrograph of h e  spheroidal precipitates found in solution heat treated 

specimens. 



(i) High in titanium (u) High in manganese 

Figure 4-9: TEM micrographs of fine spheroidal sulfide precipitates found in solution heat 

treated specirnens. 

Carbide particles were aiso analyzed via TEM examination of carbon extraction replicas as 

shown in Figure 4-10. The dinraction patterns were acquired and analyzed in order to 

determine the crystal structure of the carbide particles. Using these diaaction patterns and 

the wavelength of the bearn electrons at an accelerating voltage at 200.0 kV these particles 

were shown to be of FCC structure with lattice parameter a = 0.446 nm which identifies them 

to be, as expected, MC-type carbide or M(C,N)-type carbonitride well within experimental 

error and not MuCs. 



Figure 4- 10: TEM micrograph and dïfbction patterns for a niobium carbide particle. 



4.2 Grain Size Measurements 

Grain size measurements conducted on Leitz Image Analyzer served to quant@ the increase 

in grain sue with homogenization heat treatment time and are provided in Table 4-1 dong 

with a 95% confidence iimit (CL) where HLD refers to holding time and SH to slow heating 

from 1000 O C .  Grain sizes increased suddedy fiom the order of 100 microns to neady 1 mm 

when the material was heat treated at '1200 OC. Grain size measurements were aiso 

conducted on specimens after the final heat treatments which were used for EB welding in 

order to v e m  that the grain siie rernained virtually constant. These measurements are 

provided in Table 4-2. 

Homogenizatioa Eeat Treatment Grain S b  (pm] 

I 1200 OC - 70 min. SH, 30 min. HLD - WQ 

I 1200 OC - 6 0  min. SH, 30 min. HLD - WQ 

I 1200 OC - 1 hour HLD - WQ I 79 2 

I 1200 "C - 2.5 and 3 hour HLD - WQ I mixed 

I 1200 OC - 4 hour HLD - WQ 

I 1200 OC - 15 heur HLD - WQ I 780 ;t 36 

no apparent 
mcrease 



Solution 
Heat Treatment 

4.3 Cooling Rate Test 

Grain Size 
[Pl  

As-Cast +HIP7d 

Cooling rate tests were conducted as describeci previously in order to establish the cooling 

rates experienced by the welding specimens for the purpose of cornparison to previous work 

and for future studies. Cooling resuits are presented in Table 4-3 below and show some 

variation between internai and external cooling rates during water quenching while both 

intemal and external cooling rates matched extremely wel1 under air cooling conditions. 

Actual cooling curves are presented in Figure 4-1 1. Specimen mass was measured to be 

138.8 grams. 

85 * 3 

Cooling Method 

Water Quench 

Air Cool 

internai 
[ "C/sec ] 

1 O0 

5.6 

Extemal 
[ "C/sec 1 
600 

5 -6 



Interna1 and Extemal Water Quench 
Cooling Rates 

O 5 10 15 

Time [sec] 

/+Extemal 
j + Internat 

Intemal and Extemal Air Cooling Rates 

O 2 4 6 8 10 

Time [min.] 

Figure 4-1 1 : Water quench (top) and air coohg (bottom) woiing rate tests for Mcrocast-X 

IN-7 1 8 weld specirnens. 



Macrohardness measurements were conducted usïng a standard Vickers hardness tester in 

order to venfy hardness consistency for the different solution heat treatrnent conditions and 

cornparison with the as-cast materiai hardness. Results are presented in Figure 4-12. 

Conversions to Rockweii were not done since the as-cast value wouid appear on the 

Rockwell C scale while corresponding heat treated values would appear on the Rockwell B 

scale. 

Vickers Hardness vs. H.T. Temperature 

Temperature [CI 

300 - 8 

Figure 4- 12: Vickers diamond pyramidal macrohardness values for solution heat treated and 

as-cast specimens. 
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4.5 Vohme Percentage of Phases and Residud Porosity 

Volume percentage of secondary phases and porosity level in the as-cast materiai were 

analyzed and are presented in Table 4-4 below. Carbide and porosity levels were also 

rneasured in the homgenireci and variously solution heat treated conditions and no 

sigrilficant changes to either were found as  compareci to the as-cast condition. 6 and y" 

phases were not present in the heat treated specimens and residual Laves content was s m d  

enough to be immeanirable via the image d y s i s  technique used. 

I Porosity I 0.22 * 0.06 

1 Laves 1 2.7 * 0.8 

I All I 18.1 * 1.7 



4.6 Qualitative Anaiysis of Secondary Phases 

Severai phases were analyzed using SEMEDS and TEM/EDS compositional analysis and are 

provided in Table 4-Sa and 4-5b. EDS spectra of these phases are presented in Figures 4-1 3 

to 4- 16. Copper peaks visible on the TEM spectra result f%om the copper grid upon which 

the carbon extraction replicas are trapped and the silicon peaks originate fiom the EDS 

detector itself. 

" . .  . .- . 
. . 

!_ - . .  

. . 
1 . -  . : . 

HA2 liquid - Sol. H.T. 

Near Grain Boundary 

Base Metal 

Ni 

0.8 

32.8 

Phase 

NbC 

Laves 

11.8 

T.~I~~s~$KE&@EW . . ckka&bwitlon .. - - -. -..- 
- .  

. '  - - - 
' - ,  - . .  * 1. - _ . -- . .  , . . . .. . 

Fe 

0.3 

15.8 

9.4 

6.0 

Si 

0.3 

0.1 

Nb 

76.9 

29.8 

5.0 

Nb+Mo 

88.5 

38.7 

Mo 

11.5 

8.9 

Cr 

0.5 

10.0 

4.4 

5.0 

Mn 

3.4 

28.1 

- 

_ 

41.6 

Phase 

Suifide (high Ti) 

SuKde@ghMn) 

High Mo 
(bonde or carbide) 

S 

31.9 

47.1 

- 

Ti 

9.6 

2.5 

Nb 

- 
- 

38.9 

Nb+Mo 

- 
- 

82.3 

Al 

- 
- 

24.5 

40.3 

41.8 

Mo 
- 
- 

43.4 

Fe 

0.3 

8.0 

2.7 

Ni 

2.6 

13.6 

1.2 

15.0 

1.5 

1.5 

28.7 

28.0 

0.2 

0.4 

0.5 

0.5 

15.0 

16.7 

Cr 

3.5 

3.3 

13.3 

1.7 

13.8 

11.0 

Ti 

58.4 

- 

0.4 

0.1 0.3 16.8 



Figure 4- 13: SEMEDS spectra for Laves phase (top) 

and m,Mo,Ti)(C,N) carbonitrides (bottom). 



Figure 4- 14: SEMlEDS spectrum for resolidified HAZ grain boundary iiquid 

Figure 4-1 5 :  ïEM/EDS spectnim for grain boundary precipitate particles high in Mo. 



VFS = 128 20.4a0 

Figure 4- 16: TEMEDS spectra for suifide particles; (top) high in Ti, (bottom) high in Mn. 



4.7 SIMS Aaaiysis 

4.7.1 Introduction 

Secondary Ion Mass Specvometry (SIMS) analysis was conducted, as described in Chapter 

3, on the six differently heat treated specimens and on the as-cast material in order to locate 

elementai boron and sulfùr relative to gain boundaries and other microstnictural features. 

Carbon was also analyzed but did not show any significant information aside fiom carbide 

locations and thus is not presented here. 

4.7.2 Boron Segregation 

Boron demonstrated a very strong trend coinciding with expected behaviour. Boron 

segregation was significantly aronger in al1 air cooled specimens as compared to water 

quenched specimens and the intensity of boron segregation to grain boundaries increased 

with increasing heat treatment temperature. The resulting boron SIMS images are presented 

in the following pages in Figures 4-1 7 to Figure 4-20. Boron scans are 250 microns in 

diameter. 



Figure 4- 17: SIMS boron (top) and oxygen sputter (bottorn) images for as-cast MX M-7 18 

showing boron initidy segregateù near grah boundaries. 



Figure 4- 18: Air cooled (top) and water quenched (bottom) SIMS boron images for a 

solution heat treatment temperature of 1050 OC. 



Figure 4- 19: Air cooled (top) and water quenched mottom) S M S  boron images for a 

solution heat treatment temperature of 1 100 OC. 



Figure 4-20: Air cooled (top) and water quenched (bottom) SIMS boron images for a 

solution heat treatment temperature of 1 150 OC. 



4-73 Sulfur Segregation 

SIMS imaging of sulfur, as shown in Figure 4-21, revealed sulfur segregation to grain 

boundaries to be vimially the same for each heat treatment level with nilfur appearing 

prirnarily as sulf'ïde panicles. These results are as expected since heat treatments were 

designed to achieve equilibrium levels of nilliir segregation at each temperature. Cooling 

rate did not seem to affect suifùr segregation appreciably. Sdfiv did not appear to segregate 

to carbide particles. These suffide particles are also shown decorating the grain boundaries in 

Figure 4-9. 



Figure 4-2 1 : Air cooled (left) and water quenched (nght) SIMS sulfir images for solution 

kat  treatment temperatures of 1050 OC (top), 1 100 OC (middie) and 1 150 OC (bottom). 



The foUowing images are examples of OIM scan results for each heat treatrnent temperature 

as well as the as cas structure. Image mapping results are provided in Figures 4-22 to 4-30 

with red boundaries indicating CSL (coincident site lanice) boundaries of sigma values 

between 1 and 15. f f i a o p m  of misorientation angle and CSL boundary types (sigma 

value) generated from numerical analysis of the acquired data are presented in Figures 4-27 

to 4-30. A pole figure map which was typicai of ail scans is provided in Figure 4-22 to 

demonstrate the lack of preferred orientation of grains in the material. 

Figure 4-22: Three pole figures showing lack of preferred crystallographic 

orientation found in aii specirnens. 



I I  boundary Ievels: 5.0" 15.0' 
lW.0 pm = 10 steps Shaded 10 49 ... 415 1 

Figure 4-23 : OiM image map of grain boundaries in as cast MX IN-7 18. 



I boundary Iwels: 5.0" 15.û0 
100.0 Vrn = 10 steps Shaded 1Q 18 ...3S4 

L 

Figure 4-24: OIM image map of grain boundaries in MX IN-7 18 with prirnary 

homogenVation foiiowed by 1050 OC / 14 hour solution heat treatment. 



1 1-1 boundary levels: 5.0' 15.0' I 1 100.0 pm = 1 O steps Shaded lQ 103..582 I 

Figure 4-25: OIM image map of grain boundaries in MX IN-71 8 with primary 

homogenization foilowed by 1 100 OC / 8 hour solution heat treatment. 



-- 

I I  boundaay levels: 5.0' 150' 
100.0 pm = 10 steps Shaded IQ 29 ..A77 

Figure 4-26: OIM image map of grain boundaries in MX m-7 18 with primary 

homogenization followed by 1 150 O C  / 5 hour solution heat treatment. 



8 16 24 32 40 48 56 
Misorientation [degrees] 

8 16 24 32 4 48 56 
Misorientation [degrees] 

Figure 4-27: Grain boundary misorientation angle distribution for as cast (top) 

and IO50 OC solution heat treated (boaom) specimens. 



8 16 24 32 #) 48 56 
Misorientation [degrees] 

8 16 24 32 40 48 56 
Misorientation [degrees] 

Figure 4-28: Grain boundary misorientation angle distribution for 1 100 OC (top) 

and 1 150 OC (bottom) solution heat treated specimens. 



As Cast 
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5 Il 15 19a 21b 25b 
Sigma Value 

Figure 4-29: CSL boundary disaibution for as-cast (top) and 

1050 OC solution heat treated (bottom) specimens. 



5 11 15 19a 21b 25b 
Sigma Vaiue 

Sigma Value 

Figure 4-30: CSL boundary distribution for 1100 OC (top) and 

1 150 OC solution heat treated (boaom) specimens. 



4 3  EB Weld Microsmirhire and BAZ Microfissuring 

4.9.1 Fusion Zone Microstructure and Weld Profile 

Fusion zone microstructure was observed to be of fine dendritic structure, as shown in 

Figures 4-3 1, with an interdenciritic precipitate phase shown in Figure 4-32. Weld shape was 

obmed to be of a 'hail" shape common to high energy, deeply penetrating EB welds. Re- 

weld heat treatmeats did not have my observable effêct on Fusion zone microstructure. 

. .  . .  . .. . 

Phase Nb Mo Ni Fe Cr Ti Al Si Nb+Mo 

hterdendritic 22.7 9.2 33.5 20.3 12.2 1.8 - 0.3 31.9 

Dendritic 3.0 4.9 42.7 31.4 16.6 1.1 0.2 0.1 7.9 

Base Metal 6.0 5.0 41.8 28.0 16.7 1.5 0.5 0.4 11.0 

Figure 4-3 1 : Optical rnicrograph of EB weld fusion zone at low rnagnification. 

104 



Figure 4-32: SEM micrographs of EB weld fusion zone at 500X magnification (top) and 

2500X magnification (bottom) showing interdenciritic eutectic phase. 



4.9.2 HAZ Microstructure and HAZ Area Estimation 

HAZ area is considered to be constant throughout all the sarnples due to the constancy of the 

materiai type and welding parameters. HAZ area estimation is difficutt as no detectable grain 

growth was observed. HAZ iimit was thus estimated by the extent of partial liquation of 

Laves phase in the as-cas material which is clearly visible at 200X magnification. Total HAZ 

area was estimateci to be 3.00 mm2 using the Leitz image Analyzer which was carewy 

calibrateci to give accurate measurements. 

No visible grain growth was detected in the heat affecteci zone of the e lmon  beam welds 

andyzed owing to the low heat input due to high travel speed and aiso the smdl heat affected 

zones characteristic of electron beam welds. HAZ regions were, like the base metal, 

generally devoid of precipitates other than carbides which appeared to remain unafkted. 

SmalI amounts of liquated Laves phase was observed in some specimens in which small 

amounts of residual Laves phase existed. Extensive Laves phase liquation in the HAZ was 

noted in the EB welded as-cast material leading to large networks of intercomected 

resolidified grain boundary liquid in the HAZ. Weld cross-sections which intercepteci large 

porosity cluaers were eIiminated fiom the microfissuring analysis to eliminate porosity 

intenerence with cracking behaviour and microfissuring anaiysis results. Fortunately high 

porosity levels appeared in only a few sections. 



4.93 HAZ Microfissuring Anabsis 

4.93.1 HAZ Microfissuring: Microstruetiirnl Examination 

HAZ microfissuririg was ofien observed to be accompanied by a resolidified liquid phase 

appearing dong the microfissure as shown in Figure 4-33. Cracking was most extensive 

under the naü head of the welds with both longer and more numemus cracks appearing m the 

area In water quenched specimeris ahnost aH cracks oc- under the naü head. No 

cracking withm the weld metal was found. 

Air cooled specimens demomtxated both longer microfkmes anci a larger numkr of 

mictofissures. Both air cooled and water quenched speckns  contaiiaed signincant amounts 

of resoiidified grain boundary Liquid appearing dong HAZ microfissures. No cracks were 

detected within the nision zone other than d extensions of HAZ microlissues leadmg into 

the weld rnetaL HAZ microfissures were also noted to begin p- at the HAZ - fusion 

zone interface but were also capable of occurring away f?om the fusion zone boundary. KAZ 

micro£kures were capable of passing through several grain boim<larv triple points, however, 

many cracks did end at triple points thereby suggesting that grain boun<larv triple points may 

act as both crack initiation sites and to arrest crack propagation. 



Figure 4-33 : Intergranuiar HAZ microfissure with re-solidified grain boundary liquid phase 

at 1 SOX (top) and 1 SOOX (bottom) magnitication 



4.9.3.2 HAZ Microfwuring Evaiuation 

HAZ microfissuring evaluation involved the measurement of each microcrack detected in 

each cross-section analyzed for each heat treatment condition. Between 12 and 16 cross- 

sections were analyzed for each condition resulting in the microfissuring wduation presented 

in Figures 4-34 to 4-37 on the foliowing pages. Note that two separate heat treatment sets 

were created and the results combined into one large set for each heat treatment condition. 

Measurements are of course abject to human error and interpretation but are consistent 

Iaterally within the data set since ali measurernents were performed in the same manner by the 

same observer. Tables 4-6 and 4-7 present the overall results. 

Heat Treatment Maximum Crack Average No. Average Crack 
Length (pm) of Cracks Lengtb (pm) 

1 

As-Cast (no ne) 245 I 28 1 O. 7 106 i 13 

H+S I 150WQ 
I 

H+S IOSOAC 

H+S 1 1 OOAC 

H+S 1 1 5OAC 

359 1 4 9  

300 + 54 

376 t 49 

390 + 70 

12.2 

12.8 

15.1 

20.6 

142 + 17 
1 

122 + 14 

124 -t 13 

123 f 12 



Heat Treatment Total Crack Cracking Index 
Length (pm) ( x lo4 p d P r n 2 )  

As-Cast (none) 1122f 117 3.87 fr 0.40 

I H+S 1 1 OOWQ I 1611 f 135 I 5.56 f 0.47 

H+S 1 1 SOWQ 1668 + 154 5.75 f0.53 
I 

H+S 1050AC 1551 f 146 5.35 + 0.50 
H+S 1 1 ûûAC 1878 f 147 6.48 t 0.51 



Total Crack Length vs. Solution H.T. Temperature 

Io00 1050 1100 1150 1200 

Temperature [CJ 

Figure 4-34: Variation in total crack length (TCL) with heat treatment temperature and 

cooling rate. 



Maximum Crack Length 
vs. Solution H.T. Temperature 

Figure 4-35: Variation in maximum crack length with heat treatment temperature and caoling 

rate. 



Average Number of C r a c k  
vs Solution B.T. Temperatare 

Figure 4-36: Variation in average number of cracks with heat treatment temperature and 

c o o b  rate. 



Average Crack Leigth 
vs. Sotution H.T. Temperature 

Figure 4-37: Variation in average crack length with heat treatment teniperature and cooling 

rate. 



CaAPTERFIVE 

DISCUSSION 

5.1 Microstructural Examination 

5.1.1 Microstructure of As-Received Microcast-X 718 Material 

As expected, the microcast material is observed to be formed of equiaxed, non-dendritic, fine 

grains of ASTM grain size 4 to 5. Solidification of this matenal has resulted in niobium 

concentration at the grain boundaries resulting in the formation of Laves phase surrounded by 

dense clusters of y" as shown in Figures 4-1 and 4-2. Carbide (and carbonitride) 

precipitation occurs both inter- and intragranuiarily and was found to be most often NbC and 

(Nb,Mo,Ti)(CJl) of irregular lobed morphology. Form and orientation of carbide particles 

appwed to be random. 6 phase was not common in the as-cast materiai but appeared 

occasionally as long needles extendhg fiom the intergranular Laves phase. 

5.1.2 Microstructure After Homogenization and Solution Heat Treatments 

Laves and y" precipitates were found to dissolve alrnoa completely after the initial 1200 OC 

heat treatment, H, and carbide content and morphology was found to remah stable during 



homogenization. Grain growth was sporadic and mpid for heat treatments exceeding two 

hours at 1200 OC and d e r  slightly longer tirnes at lower temperatures. Similar rapid rates in 

grain growth in wrought 7 18 when ka t  treated at 1200 OC were observeci by Thompson 

[41]. Liquation of Laves phase was found to occur under circumstances of rapid heating 

thereby requiring slow heating rates (-3 OCfrnin) for temperatures exceedig 1000 OC. The 

ideal homogenization heat treatment was established and appropriate solution heat treatment 

temperatures and tirnes were caiculated. Resdts demonstrated that, as desired, the fme grain 

sue was maintained after these solution heat treatments, however, extensive 6 precipitation 

(Fig. 4-7) occurred at a solution heat treatment temperature of 1000 OC. Thus the final 

solution heat treatment temperatures chosen were necessarily lirnited to 1050, 1 1 00, and 

1150 OC. Precipitates remaining in the solution heat treated specimens includes carbides, and 

fine boride and sulfide pdcles. 

S. 1.3 Fusion Zone Microstructure 

Fusion zone microstnicture was characteristic of rapid solidification with fine dendrite 

needles growing virtually perpendicular to the fusion zone boundary toward the weld 

centeriine. Fine dendritic structures in EB welds of 71 8 are common due to the high cooling 

rates achievable through lower o v e d  heat input levels (highly localized) and high weld 

travel speeds [42]. This also resuits in a smaiier heat-&ied zone (HM) area. As shown in 

Figure 4-32, the interdendritic regions of the weld metal consist of a precipitate phase. It is 



suggested that this interdendritic phase is Laves phase as found in other investigations 1421 

and as would be expected ffom solidification theory as it relates to alloy 718. Table 5-1 

displays the quantitative EPMA results of Radhakrishnan (et al.) for EB welded cast 7 1 8 in 

as-welded condition (no post weld heat treatrnent) [42]. Figure 5-1 presents a cornparison of 

niobium levels in the dendritic and interdendritic regions of the fusion and the base metal to 

show the strong relative agreement between the results of Radhakrishnan (et al.) and of this 

study . 

int erdendritic Dendrite Base Memi 
Uegion - 

Region 1 . MX IN-7 18 (this study) / 
! 

RadhalPiJioan (et al.) [42] j 

Figure 5-1: Cornparison of EB weld fusion zone niobium levels via EDS detection for this 

study and those found by Radhaknshnan (et ai.) [42]. 



5.1.4 H A 2  Microstructure and HAZ Micmf~suring 

Interdendritic Laves 

Dendritic (matrix) 

Base metal 

Weid specimens k a t  treated prior to welding did not show any consistent re-precipitation of 

discrete Laves phase in the H M ,  however resolidified HAZ grain boundary liquid (GBL) 

was common, especially dong HAZ microfissures. Other investigators found similar 

resolidified products in the H M  close to the fusion zone in cast and wrought 718 117, 24, 

32, 431. The EDS results from this study for Laves phase and HAZ grain boundary liquid 

and those of Huang for EB welded cast 7 18 [24], Baeslack and Nelson for GTA welded cast 

7 18 [32], Radhaknshnan and Thompson for Gleeble simulated HAZ in wrought 71 8 [43], 

and Vincent for EB welded wrought 7 18 1171 are presented in Table 5-2 for cornparison. 

î h e  results presented in Table 5-2 show strong agreement between Laves EDS scans which 

fa11 within experimental error. The primary source for HA2 GBL in as-cast specimens 

appears to be Liquation of Laves phase. HAZ GBL in solution heat treated specimens are 

likely a resolidified Lavedy eutectic liquid as theorired by Knorovsky (et al.) or a y-Laves- 

NbC pseudo-temaxy eutectic as mggesteci by Radhaknshnan (et al.). The composition of 

15.347 

2.486 

4.621 

49.521 

50.450 

52.367 

16.084 

19.2 12 

18.426 

15.564 

20.947 

19.837 

3.220 

2.506 

2.714 

0.144 

0.058 

0.044 

1.465 

0.662 

0.923 



HAZ GBL May v q  depending upon the immediate sources of this liquid in each case s i n c e  

HAZ grain boundary liquid may stem fkom severai sources [43 1. 

1 Laves [32] 1 33.0 1 4 0 . 6 1  12.7 

Laves [43] 27.3 45.2 13.0 

Laves [17] 33 .O 44.0 15.5 

1 HAZ GBL sol. h-t. / 16.75 1 41.63 1 15.00 

HAZ GBL Laves [24] 3 7.22 36.04 13.01 

Lavedy eutectic [3 21 27.6 44.3 14.1 

1 Base metal 1 7.34 1 52.37 1 18.43 

One source of the HAZ grain boundary liquid is residual Laves phase present at the t h e  of 

welding, however, this was minimal for solution heat treated samples used in this study. 

Weld metai backfilling is also one source of HAZ grah boundary liquid but cannot account 

for all of it. Bacffilling is common since interdenditic regions containing Laves or Laves-y 

eut-ic type constituents of  high niobium content in the weld metal ofien correspond to 

HAZ grain boundary intercepts at the fusion zone boundary. Interdendritic liquid weld metai, 

hi& in niobium, migrates dong HAZ grain boundaries and thus m e r  encourages Liquation 



crackmg Vincent observed Laves "walis" in HAZ microfissures i d i a t e l y  adjacent to the 

fusion zone and suggested that this was "a rapidly-&ozen liquid phase drawn in from the weld 

pool as the microfissure is formed" 117. 

Carbide liquation is also a source of Nb for this Nb-rich HAZ grain boundary liquid, 

however, the carbide Liquaîion temperature has been found to be between 12 15 and 1235 OC 

1431 and several investigators have indicated HA2 carbide liquation to be uncornmon [El. It 

was also observeci in this study that, even thougb Mme carbide liquation was noticed, many 

udktedNhC partlcleswhere M i n t h e  W i m m d h L y  adjaxntta the fisianzone 

and thus carbide iiquation is likely a source for the some of observed HAZ grain boundary 

iiquid but not the primary source. 

Another potential source fac resoküfied tIAZ GEL stems &am the name af HAZ grain 

boundary iiquation and resoli~cation itself As discussed in Chapter 2, niobium wiîi be in 

high c ~ ~ l ~ d n s  in the reg- ad@ent to the grain b a d a r k  due to the d d & a t i o n  

process and the relative immobility of niobium in the y rnatrix during heat treatments. During 

the welding cycle, H A 2  grain baundaees tlmnsdves kpte a d  thir licpd will be uch in 

niobium. The grain boundary liquid becomes funher e ~ c h e d  in niobium as resolidification 

pro& inward fiam the grain bauadary walls pushing oiohium ahead O£ the solid-liquid 

interface. F ' d y ,  in sirnilar fishion to the interdenciritic regions of the fusion zone, the liquid 

reaches the Laves-y eutectic composition and solidifies. A weak, brittie secondary phase film 

now exists at the HAZ grain boundaries which is highly susceptible to cracking since it is 



incapable of withstanding the remaining stresses fkom thermal contraction and expansion and 

other residual welding stresses. Similar obsemtions were made by Vucent which nippon 

this argument 11 71. 

It is also important to note that HAZ microfissuring was found in al1 specimens and the 

greatest degree of microfissuring and longest microfissures were invariably detected in the 

area of the HAZ located j u s  under the "nail-head" of the weld. This indicates that the 

shoulder of the weld is the region of highest stress concentration and these stress levels will 

depend primarily on the weldig parameters, joint characteristics and work piece fixhiring. 

5.2 Elernentai Grain Boundary Segregation of Boron and Sulfur 

5.2.1 Effect of Heat Treatment Temperature on Boron Segregation 

As shown in Figures 4-1 7 to 4-20 the degree of boron segregation to grain boundaries was 

quaiitatively observed to increase significantly with heat treatment temperature in air cooled 

specimens and showed a slight increase with increasing heat treatment temperature for water 

quenched specimens. Since the heat treatrnent temperatures are relatively hi&, non- 

equilibrium segregation is expected to occur even for high cooling rates such as water 

quenching was detected in the water quenched specimens. Thus it can be stated that a higher 

solution k a t  treatment temperature will provide a higher energy initial state for non- 



equiii'briurn segregation to occur upon cooling. This results in higher diffusion rates h m  the 

increased mimber of vacancia availahle at hi* temperatures as well as extra difhion time 

avaiiable during cuohg Eom a higher heat treatrnent tempetanire for a given cooling rate. As 

expected, as heat treatment temperature increased the mq@& Of non-equilibrium 

segregation increased for a given cooling rate. 

5.2.2 Effkct of Cooling Rate an Baron S-tion 

It is also important to note that the air cooled specimens showed much greater boron 

segregation than the water quenched specimais for any giuai solution heat treatment 

temperature. These results confirm that boron segregation is predominantly of non- 

equilibrium type and is highest far the stower caaluig cate (air cooling) as also faund by 

Karlsson [26]. 

It is important to note that SIMS rrialysis Q£ the as-cast material showed baron ta reside in 

the vicinity of the grain boundaries but was not solely concentrated directly at the grain 

bo- Heat aeating causes baron ta difnise e v d y  thtoughout the grains via 

equilibrium segregation, as previously disaissed, followed by non-equilibrium segregation of 

boron ta the grah baun&ries upm cooling. 



5.2.3 Sulfur Segregation 

Solution heat treatment times were devised to provide the same level of equilibrîum 

segregation of suittu for the dserent heat treatment temperatures. Results indicated that 

sulfur was primarily precipitated as fine sulfide particles with some segregation to grain 

boundaries. Levels of segregation of sulfur to grain boundaries appeared to be fairly equal 

among the different heat treatments used, yet further work would be needed to determine 

conclusively if this is the case. 

5.2.4 Grain Boundary Orientation 

OIM results suggested that crystallographic orientations and types of grain boundaries in al1 

specimens were of random orientation with high angle grain boundaries predominating and 

independent of heat treatment temperature and whether the matenal was heat treated or not. 

These results furiher serve to confirrn that no special mechanisms of microfissuring were 

dorninating for any particular k a t  treatment. This further supports the finding that overd 

segregation of boron increases with increasing solution heat treatment temperature and 

decreasing cooling rate and is not, in this audy, a case of preferred grain orientations 

encouraging additional boron segregation and possibly affêcting microfissuring. 



5.3.1 Constants 

When analyzing microfissuring susceptibility, variables which were held constant mua be 

noted in order to pinpoint the factors affecting HAZ microfissuring. Grain size was held 

constant in order to eiiminate grain size effects as well as to maintain the fie-graineci MXcast 

structure. Welding parameters were maintained constant and aii welding was perfomed 

under the same conditions at the same t h e  in order to eliminate potentiai for welding 

variables to affect results and also to enable cornparison with çome of Dr. Huang's work on 

conventionally wt 7 18 which used the same EB welding parameters [24,27]. Welding was 

conducted dong the same face of each specimen in order to eiiminate any differences in 

casting orientations although none were observeci in the cast structure. OIM results fùrther 

support the lack of prefmed crystdographic orientation in al1 specimens both heat treated 

and as-cast. 

Solution heat treated microstructures were devoid of moa precipitates other than carbide, 

carbonitride and suifide particles which virtually eliminates the effect of other secondary 

phases such as 6, Laves, or y" on HAZ microfissuring. Solution heat treatments were al1 

conducted in the same fumace with equal sized specimens in order to maintain heating and 

cooling parameters (e.g. heat convection and conduction rates) constant. This was achieved 

by maïntaining a constant cross-section and specimen size and orientation in the h a c e .  AU 



specimens were fiirthermore heat treated in argon-filled high temperature glas capsules to 

Wnially eliminate oxide formation. Therefore, the only directly observed ciifference between 

the various heat treated specimens involved boron segregation level. 

5.3.2 Effect of H a t  Treatment on BAZ Microfisuring 

The resuits indicate that overall rnicrofissuring followed the sarne trend as boron segregation 

levels, that is, increasing rnicrofissuring with increasing heat treatment temperature with an 

increase in rnicrofissuring of air cooled specirnens as compared to water quenched specimens 

for each heat treatment temperature. Since no changes in the type of microfissuring but oniy 

levels of microfissuring severity was noted for different heat treated conditions, the results 

suggest a definite correlation between magnitude of elemental boron segregation to grain 

boundaries and microfissuring susceptibility. 

Results are difficult to compare to Huang's work [24] at this time since Huang's heat 

treatment times and temperatures were different nom those used here. However, Huang's 

results generally tend to indicate slightly greater values for microfissuring of conventionally 

cast 718 as compared to those found in this study for MXcast 718. More extensive work 

using conventionally cast, MXcast, and wrought material of the same composition would be 

needed to compare microfissuring susceptibility of the t h e  dserent d o y  microstructures. 



In order to m e r  anaiyze the microfissuring data, results were separateci into the average 

maximum crack length, the overd average crack length, and the average number of cracks as 

presented in Figures 4-34 to 4-37. Results indicate that no single parameter increases with 

heat treatment temperature or cooling rate but rather both maximum crack lengths and 

number of cracks generally increase. These trends, dong with rnicrostmctural observations, 

indicate that microfissuring severity is aggravated overaii with higher solution heat treatment 

temperature and not iimited to one area or mechanism. 

The results of this study have shown that the degree of microfissuring correlated weIi with 

the observeci level of elemental boron segregation to grain boundaries. Furthemore, both 

observations and numerical results suggest that the same mechanisms of microfissuring were 

operating in ail types of heat treated specimens. ïhis is consistent since it has been suggested 

that boron acts as a grain boundary melting point suppressant and thus specimens with 

increased levels of boron segregation wül be subject to additional HAZ grain boundary 

melting and produce additional grain boundary liquid. The rnechanisms of HAZ 

microfissuring remain the same in each case as describeci in section 5.1.4 and are not 

dependent upon pre-weld solution heat treatment temperature or cooling rate. 



CHAPTER SIX 

CONCLUSIONS 

1. The fine grain site of the MX-cast Inconel 718 materid may be maintaineci in pre-weld 

heat treatments through short homogenization heat treatment t h e  and solution heat 

treatments between 1050 and 1 150 OC. These heat treatments wiU result in a "clean" pre- 

weld microstnicture WniaIly kee of Laves, y", 6 phase precipitates. 

2. The precipitate phases found in the MXcast material were NbC carbides and (Nb, Mo, 

Ti)(C,N) carbonitrides and intergranuiar Laves phase smunded by y" particles with 

occasional appearances of 6 needles. 

3. Hardness dropped to a consistent level for ail solution heat treated conditions fiom the 

original as-cast hardness level . 

4. Resolidified HA2 grain boundary iiquid was found to have a higher Nb content in as-cast 

weld specimens as compared solution heat treated specimens suggesting that the origin of 

the HAZ grain boundary liquid is pnmarily liquation of Laves phase in as-cast specimens 

and more likely to be a resolidified Lavesly eutectic iiquid stemming fkom several different 

sources including HA2 grain boundary melting in solution heat treated specimens. 

5 .  Boron segregation to grain boundaries was obsented to increase with increasing solution 

heat treatment temperature and was higher in air cooled specimens as compared to water 

quenched specimens at each solution heat treatment temperature. 

6. Sulfbr was observed to be primarily concentrated in globuiar sulfide particles that 

precipitated both dong grain boundaries and within grains in solution heat treated 



specirnens. Sulfiir distribution was observed qualitatively through SIMS to be fairly 

equivalent for ad heat treatments and thus independent of cooling rate and consistent with 

the estimated equilibrium segregation times which were used for each solution heat 

treatment temperature. 

7. Crystaiiographic orientations were found to be randorn with high angle grain boundaries 

being m o a  common. 

8. HAZ microfissuring nisceptibility correlated well with observed levels of boron grain 

boundary segregation. 

9. HAZ liquation cracking is therefore suggested to be directly related to the concentration 

ofelementai boron at grain boundaries during welding. It is apparent that a higher level of 

boron grain boundary segregation will cause additional rnelting and wetting of HAZ grain 

boundaries and in tum increase HAZ microfissuring susceptibility. 
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