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Abstract

Precipitation hardened Ni- and Ni—Fe-based superalloys are used in high-temperature sections of aero
engines owing to their superior mechanical properties compared to those of the other alloys. However,
their better mechanical performance is accompanied by its own challenges during the manufacturing
process. For the fabrication of hot structural components, instead of the traditional single piece castings,
welding is widely employed by joining wrought parts in sections, where high strength is required, and
cast parts, where complex geometrical shapes are needed. This can be challenging, as superalloys are
known for their lack of amenability to welding. A weld-cracking phenomenon known as “hot cracking”
is of concern during their welding. Especially, the cast materials are known to be more prone to cracking

owing to the higher extent of segregating phases that remain from the casting process.

The present study investigates the weldability of Alloy 718 and two recently developed Ni-based
superalloys ATI® 718Plus® and Haynes® 282® with respect to heat affected zone liquation (HAZ)
cracking susceptibility. Pre-weld homogenization treatments were performed at 1120 °C and 1190 °C
to study the effect of different microstructures on cracking extent. The testing approach consisted of
using Varestraint weldability test to assess the HAZ liquation cracking susceptibility and Gleeble
thermomechanical simulator for evaluation of hot ductility behaviour. The results revealed that a lower
heat treatment temperature at 1120 °C for 4 h was beneficial in minimizing the influence of liquation,
and that the grain growth also contributed to lowering the cracking susceptibility in the HAZ. JMatPro
simulations and microstructural evaluation on elements such as Nb as solute and precipitate former in
Alloy 718 and ATI® 718Plus®, and Mo in Haynes® 282® were found to be important in the liquation
mechanism. Secondary ion mass spectroscopy (SIMS) analysis revealed B, which is a strong melting
point depressant, to segregate along the grain boundaries in all the three alloys. In addition, in this thesis,
different liquation mechanisms were discussed and an explanation for the overall HAZ liquation

cracking mechanism for cast superalloys was proposed.

Keywords: Nickel-based superalloys, Homogenization, Hot isostatic pressing, Welding, Varestraint,

Gleeble, Hot cracking, Hot ductility, Niobium, Boron, Segregation
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1. Introduction

Ni- and Ni—Fe- based superalloys are the materials of choice in hot structural components of aero
engines because of their high-temperature mechanical strength, and corrosion and oxidation resistance.
The Ni-Fe-based Alloy 718, first developed in the 1960s [1], is still the most widely used superalloy at
present. It has quickly emerged as the work-horse alloy in aerospace applications owing to its inherent
resistance towards a solid-state cracking phenomenon known as “strain age cracking”. Furthermore, it
is also available in the cast form, made possible, by the development of vacuum melting technology [2].
However, its limitation has been a relatively low operating temperature of about 650 °C. To meet the
demands of the aerospace industry for improved efficiency, two new Ni-based superalloys were
introduced in the last decade, namely ATI® 718Plus® (ATI 718Plus) and Haynes® 282® (Haynes 282).
Unlike Alloy 718, whose main strengthening precipitate is gamma double prime (y""), ATl 718Plus was
developed with the more stable gamma prime (y") as its main strengthening precipitate, through careful
alloy engineering, while maintaining the same fabricability as Alloy 718. The resulting alloy could
operate at approximately 705 °C [3]. Similarly, optimum properties for cast Haynes 282 were achieved
by designing it with a low fraction of y” so that it could operate at a maximum temperature of 800 °C,
[4]. The initial research and development considered the wrought versions of ATI 718Plus and Haynes
282. The cast versions of ATI 718Plus and Haynes 282 are now under development for applications in

large structural components [5].

Welding is an important process in a manufacturing chain. The recent trend in the aerospace industry is
to join small castings or sheets together, for complex geometries and high strength sections, respectively,
instead of using a large single piece casting. This helps in weight reduction, as well as reducing the
manufacturing costs [6]. The wide range of alloying elements, which make up the chemical composition
of an alloy, can often lead to formation of detrimental phases during welding, which in turn can lead to
the cracking of the components. This phenomenon is known as “hot cracking”, which occurs during the
on-cooling thermal weld cycle owing to the inability of the grain boundaries to sustain the load because
of the solidification shrinkage. In cast Alloy 718, the low-melting Laves phase is a major concern, as it
aids in the formation a heat-affected zone (HAZ) cracking by liquation mechanism [7, 8]. Little is known
regarding the behavior of the relatively new cast versions of ATI 718Plus and Haynes 282. Therefore,
a thorough understanding of their metallurgy is crucial as cracking can lead to further complications in

the workshop, requiring additional intervention through welding repairs and heat treatments.

Cast components often undergo homogenization heat treatments prior to welding. When it comes to cast
components for structural applications, they typically undergo hot isostatic pressing (HIP) heat treatment
to reduce the porosity and segregation, which are known to be not only detrimental for the mechanical

properties, but also to the weldability. The HIP treatment approaches for cast Alloy 718 involve a partial
1



homogenization [9, 10] or total homogenization of the Laves phase [11]. However, in the case of cast
ATI 718Plus and Haynes 282, there are no established standard homogenization treatments. Thus, very
limited data and knowledge are available regarding the weldability and the mechanisms governing the

HAZ liguation cracking of these new alloys.

1.1. Aim

The aim of this research is to obtain a fundamental knowledge on the HAZ liguation cracking, which is
often encountered during the welding of Ni-based superalloys. The alloys investigated in this research
are the cast superalloys — Alloy 718, ATl 718Plus, and Haynes 282, which are used for manufacturing
hot structural components in aero engines. These components are subjected to homogenization heat
treatment prior to welding. The HIP is often employed for cast structural components to eliminate any
existing porosity, as well as reduce micro-segregation. The latter is known to influence the HAZ
liquation cracking susceptibility. The HIP treatment of Alloy 718 involves dissolving the Laves phase
at 1120 and 1190 °C. However, there are no standard homogenization approaches available for the
recently developed cast versions of ATl 718Plus and Haynes 282. Therefore, the aim of this study is to
investigate the effect of homogenization heat treatments on the weldability of the three cast superalloys
Alloy 718, ATI 718Plus, and Haynes 282. Specifically, the following research objectives were
formulated:

RQ 1: How do the microstructural changes that take place after the homogenization heat treatments,
affect the HAZ liquation cracking susceptibility of cast superalloys — Alloy 718, ATI 718Plus, and
Haynes 2827?

RQ 2: What are the mechanisms in HAZ liquation cracking during the welding of these cast superalloys?



2. Cast superalloys

The chemical composition of superalloys consists of approximately 12-15 different elements, which
render the microstructure very complex. These elements typically include Ni, Fe, Cr, Mo, Nb, Ti, Al,
Co, Cu, W, C, Si, S, B, and P. Each of these elements has a specific role; elements, such as Fe, Co, Cr,
and Mo confer solid solution strengthening in the y matrix; Ni, Al and Ti are known to form the y” phase;
while Ni and Nb form the y’” phase. Different types of carbides can form primary MC (Nb, Ti) as well
as secondary carbides, which include M23Cs (Cr, Mo) and MsC (Mo, W). The coarse primary carbides
are generally considered detrimental for the mechanical properties; however, the secondary carbides,
when uniformly dispersed along the grain boundaries as discrete precipitates, can inhibit grain boundary
sliding and consequently, improve the strength. Apart from the strengthening phases and carbides, some
Ni—Fe-based superalloys can contain topologically close-packed (TCP) phases, such as o, i and Laves.
The TCP phases are generally considered detrimental, when present along the grain boundaries in a
plate-like morphology, and can act as a source for crack initiation. Precipitation of other phases, such as
n and 8, along the grain boundaries, are known to be very effective for grain size control [12]. Table 1
summarizes the types of precipitates and their chemistry, as observed in Ni- and Ni—Fe-based

superalloys.

Table 1. Commonly found precipitates in Ni- and Ni—Fe-based superalloys [12], [13].

Phase | O N Fe Cr Mo Al Ti W Co Ta Nb Cl Nb B Si S
Matrix X X X X X X X X

Y fcc X X | X

v bct X x | x

MC cubic X X X | X X X

M23Cs fcc X X X X | X

MsC fcc X X X | X

o orthor. X X X

c tetrag. X X X X %

n hcp X X X X

n rhomb. X | X

Laves hexagonal X X X X X X
M3B2 tetrag. X X X X X X
MN cubic X X X X

Ni-based superalloy castings intended for hot sections in aircraft applications are produced by
investment casting under vacuum to avoid oxidation of reactive elements. This technique uses a pattern
made from wax or plastic, which is allowed to harden into a mold shell. The pattern is then removed

typically by steam, after which, the raw material, which has been produced by vacuum induction melting



(VIM) is poured into the mold shell, and allowed to solidify. Finally, the mold is destroyed to recover
the casting [12, 13]. Subsequently, HIP is performed to close any micro-shrinkages from the casting

process, and at the same time, to level out any micro-segregation.

2.1. Alloy 718
Alloy 718 is an Fe—Ni-based superalloy, which was developed in the 1960s by Eiselstein [1] to provide

a material free from strain age cracking, which as mentioned earlier, is a solid-state cracking
phenomenon occurring in the HAZ during the post-weld heat treatment. The alloy has an austenitic
matrix with the addition of several elements, which contribute to its mechanical properties. Nb has an
important role, as it aids the formation of several phases such asy"", 8, Laves, and MC carbides. y"" is a
metastable phase, which confers on the alloy its strength up to 650 °C. Above this temperature or during
long exposure times, vy~ transforms into 3, leading to a deterioration of the mechanical properties. The
& phase precipitation in the temperature range of 870-950 °C is used for grain size control. The Laves
phase is often considered detrimental to the mechanical properties of the alloy owing to its brittle
characteristics [12, 14, 15]. The pre-weld homogenization heat treatments or HIP treatments are
performed to dissolve the Laves phase with a view to minimizing the extent of cracking during welding.
The commonly used solution heat treatment at 1050 °C cannot dissolve the detrimental Laves phase.
Therefore, homogenization heat treatments at higher temperatures have been developed in the industry.
Two main HIP treatments from the aerospace industry have been developed by General Electric
Aviation (GEA) and Pratt & Whitney (P&W). They consist of heat treating the material at 1120 °C [9]
and 1190 °C [10, 11], which are, respectively, below and above the incipient melting temperature of the

Laves phase.

2.2. ATI 718Plus
A higher temperature stability was achieved for ATl 718Plus by substituting the metastable y~ by the

more stable y~ strengthening phase, and by carefully selecting an Al/Ti ratio that delayed the
transformation of y” to n. The higher thermal stability of the strengthening phase led to an operating
temperature of 50 °C higher than that of Alloy 718 [3]. A cast version was developed under the Metals
Affordability Initiative (MAI) program [5]. Apart from the primary strengthening phase, the material
has similarities to Alloy 718 with regard to the solidification range and microstructural features [16, 17].
Similar to Alloy 718, the y/Laves eutectic reaction occurs at 1160 °C. Homogenization heat treatments

above 1100 °C are required to dissolve the Laves phase [18].

2.3. Haynes 282

Haynes 282 is a y" precipitation hardening Ni-based superalloy, which can be used in the temperature
range of 650-900 °C. The high-temperature performance was achieved by a careful balance of the y’

phase fraction [4]. Contrary to Alloy 718 and ATI 718Plus, Haynes 282 is devoid of the low-melting
4



Laves phase. Its microstructural features include primary Ti—Mo-rich MC carbides, secondary carbides
(e.g., M23Cs, M6C, Mo-rich borides), and the ¢ phase [19-21]. The recommended solution heat treatment
for the alloy is between 1120-1150 °C, which is the temperature range required for the dissolution of

secondary carbides [4, 22].






3. Hot cracking in superalloys

Hot cracks are the ones that occur during welding owing to the presence of liquid in the microstructure,
and are divided between the cracking occurring in the fusion zone (FZ) and the HAZ. These are named
solidification and HAZ liquation cracks, respectively. The prominent theories that explain the

phenomenon of hot cracking are summarized below.

3.1. Solidification cracking
Pumphrey et al. [23] proposed the so-called “shrinkage brittleness theory” to explain the cracking
mechanism during casting and welding of aluminum. It was postulated that a brittle temperature range
(BTR) exists, in which the material is susceptible to cracking owing to the lower ductility conferred by
the presence of the liquid phase. This BTR has an upper limit termed “coherent temperature”, which is
the temperature at which growing dendrites come into mutual contact by forming a solid-coherent
network; on the other hand, the lower limit is defined by the solidus temperature. The BTR range is

primarily influenced by the composition of the alloy.

Pellini [24] formulated the “strain theory” based on his investigations on hot tearing in castings, and
later adapted the same to welding as well. The strain theory presumes the presence of liquid films close
to the solidus temperature. Their presence at the grain boundaries is the main cause of the reduced
ductility owing to the low stress required for a film separation. According to the strain theory, hot cracks

cannot form in the so-called mushy zone, because of the ability of the liquid to flow and heal the cracks.

The “generalized theory” by Borland [25], depicted in Figure 1, combines the previously mentioned
theories, although with some modifications. Firstly, Borland separates the solidification range into four

stages, as described below:

/ Stage 4

Figure 1. Solidification stages according to Borland’s generalized theory; adapted from [25].



Stage 1: primary dendrites form as the temperature drops below the liquidus temperature.

Stage 2: the dendrites interlock by forming a solid network. In this stage, only the liquid is capable of
moving between the dendrites.

Stage 3: the grain development occurs. Here, the liquid is not capable of free movement as it is hindered

by the continuous network.
Stage 4: all the liquid solidifies.

According to Borland, cracks can form in Stage 2 once an “almost continuous” network of dendrites has
formed. In this stage, healing is possible, as there is sufficient amount of liquid, which can backfill the
incipient cracks. He also defined a “critical solidification range” (CSR), associated with Stage 3, wherein
significant cracking can occur, as the confinement of liquid to inter-dendritic areas without the ability
to move freely occurs. This in turn, inhibits the healing of cracks. A wider CSR promotes a larger
temperature range over which the liquid is present, and hence the susceptibility to cracking increases.

In Stage 4, cracking no longer occurs, as the material is fully solidified.

Matsuda et al. [26] proposed a modified concept of solidification cracking in reference to Borland’s
“generalized theory”, based on experiments, which allowed a direct observation of the cracking of welds
through a high speed camera. Based on their observations, Stages 1 and 2 defined by Borland, were
shifted towards the liquidus. Moreover, Stage 3 was divided into a “film stage” 3(h) and “droplet stage”
3(I), as depicted in Figure 2. Crack initiation can occur in the liquid film stage and propagate in the

droplet stage; however, initiation is not possible in the latter owing to the extensive solid—solid bridging.

/ Stage 4

Figure 2. Solidification stages according to Matsuda et al.; adapted from [26].

All the theories agree upon the fact that weld solidification cracking originates from a combination of

metallurgical factors and local strains at the final stages of solidification in the presence of some liquid
8



phase along the solidification boundaries. The solidification range is considered among the most
important factors in determining the susceptibility to solidification cracking. Generally, the lower the
solidification temperature, the wider the temperature range, at which the liquid will exist, and this can
aggravate the cracking tendency [27, 28]. Other important metallurgical factors are the amount and
distribution of liquid at the final stages of solidification and grain boundary wetting. Cracking is
enhanced when the surface tension of the liquid is low and continuous thin liquid films wet the grain
boundaries. When a sufficient amount of terminal liquid is present, the liquid has the ability to flow back
into the cracks and heal them. The backfilling effect is especially relevant in alloys, such as-cast Alloy
718 and cast ATI 718Plus, which solidify by a eutectic reaction. The solidification sequence in Nb-

bearing alloys terminates with the following eutectic reaction [29]:
L — (y + Laves)

The y/Laves eutectic reaction occurs at a temperature below the solidus of the y phase; thus, it is
responsible for extending the solidification range. The solidification range values obtained by JMatPro
(liquid fraction at 0.01 wt.%) and experimental values by differential scanning calorimetry (DSC) for
three alloys are summarized in Table 2. Alloy 718 and ATI 718Plus have a similar solidus temperature
and solidification range of approximately 1160 and 170 °C, respectively, whereas Haynes 282 has a
higher solidus of approximately 1240 °C and a shorter solidification temperature range of 120 °C.
Generally, larger solidification range temperatures were predicted by simulations than the experiments.
Figure 3 shows an example of a solidification crack in ATl 718Plus, surrounded by y-Laves eutectic

constituents.

Table 2. Solidification temperature ranges (°C) for cast Alloy 718, ATl 718Plus, and Haynes 282.

JMatPro DSC
Tiiquidus | Tsolidus | Sol. Range Tliquidus Tsolidus Sol. range
Alloy 718 1357 | 1095 262 1334[6] = 1157 [6] 177 [6]
ATI 718 Plus 1328 1110 218 1328 1162 166
Haynes 282 1350 | 1175 175 1360 [30] | 1244[30] = 116 [30]

There are two points of view on the effect of the base metal condition on the susceptibility to
solidification cracking. It is believed that melting and solidification in the FZ eliminates the thermal
history of the alloy [31], which makes the solidification cracking independent of the base metal
condition. On the other hand, it is also believed that the weld metal grain size is a function of the base
metal grain size owing to the epitaxial growth, which consequently, can influence the susceptibility

towards cracking [32]. Fine weld grain structure is considered less susceptible to cracking than coarse

9



grain structure owing to its better accommodation of the strain [28]. The weld pool shape is also
considered to be an important factor. When welding at a high speed, centerline cracks can form owing
to the tear-shaped weld pool; these cracks create an abrupt angle with the columnar grains forming from
the two sides of the fusion line. This is not a concern when welding at low speeds because the elliptical-

shaped welds lead to a smooth transition of the columnar grains at the weld center [27].

Figure 3. Solidification crack surrounded by y/Laves eutectic in cast ATI 718Plus [33].

3.2. HAZ liguation cracking
The mechanisms associated with the formation of HAZ liquation cracks are referred to as “liquation”.
The formation of liquid films at the grain boundaries locally lower the ductility and therefore, increase
the susceptibility to cracking. The phases or segregating elements responsible for the crack formation
vary from one alloy to another.

The liquation of the grain boundaries leading to HAZ cracking can occur in two ways — segregation
mechanism and penetration mechanism. The segregation mechanism occurs when solute or impurity
elements segregate at the grain boundaries by diffusion to suppress the local melting temperature, thus
leading to grain boundary melting. The presence of P, S, and B at the grain boundaries is known to
promote liquation cracking in Ni-based superalloys. The segregation of B may occur in two ways,
namely via equilibrium and non-equilibrium mechanisms. The equilibrium segregation decreases as the
temperature increases because of the higher diffusion. On the other hand, the non-equilibrium
segregation occurs during cooling from high temperatures from the diffusion of the vacancy-solute
complexes to the grain boundaries, where the solute atoms are deposited. The extent of hon-equilibrium
segregation increases with temperature, as the concentration of the vacancies also increases [34-36]. In
the penetration mechanism, the cracking occurs when a moving grain boundary intersects a locally
melted region. The penetration mechanism is possible in two ways, by constitutional liquation and
eutectic melting [28, 37]. The constitutional liquation mechanism was proposed by Pepe and Savage

[38] for “maraging steel” weldments. Here, a key factor is that the particles do not dissolve completely

10



under the non-equilibrium conditions generated by the rapid heating during the welding. A diffusion
gradient is generated at the particle—matrix interface, which partially dissolves the precipitate and creates
a solute-enriched area. Liquid forms, once a local eutectic composition is reached. This mechanism was
reported in Nb-bearing superalloys, as well as in other precipitation hardening Ni-based superalloys
[39-41]. A schematic drawing illustrating this mechanism is shown in Figure 4. Next, Figure 5 shows a
scanning electron microscope (SEM) image of a constitutionally liquated carbide in the HAZ of cast
ATI 718Plus.

T
T,
o
o SR\
T,k
I atAXBy
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- Eutecti
‘Prempltate : 1\; li?nl: :
T T, T;

Figure 4. Schematic diagram depicting the phase change and constitutional liquation; adapted from
[38].

According to Weiss and Grotcke [42], constitutional liquation is function of the interaction among the
following:

e Heating rate
o Kinetics of dissolution of precipitates
e  Minimum solidus temperature

e Homogenization of the elements from the precipitate into the matrix

11



Figure 5. Constitutional liquation of NbC in cast ATI 718Plus.

Another liquation mechanism, which is common in cast materials is via eutectic melting. In contrast to
the constitutional liquation mechanism, wherein no precipitate melting occurs, here, eutectic melting
occurs along the inter-dendritic regions, which have a lower melting temperature than the surrounding
matrix [28, 37].

The following are the liquation mechanisms reported for Ni-based superalloys [6, 38, 43]:

o Constitutional liquation of secondary phases

e Melting of the matrix

e Liquation of precipitation hardening phases in high-volume fraction y~ alloys
e Melting of residual eutectic in cast material

e Liquation from solute segregation

The Laves phase has been considered a major cause for the HAZ liquation cracking in cast Alloy 718
[7, 44, 45]. The segregation of minor elements along the grain boundaries constitutes another detrimental
effect on the HAZ liquation cracking susceptibility. Elements, such as S, P, and B have been reported
to be detrimental to the HAZ liquation cracking susceptibility [44, 46-50]. Especially, B is known to be
a melting point depressant element that lowers the liquation temperature below the equilibrium of the
solidus. Moreover, it has the ability to improve the wetting characteristics of the liquid along the grain

boundary, thus favoring its distribution.

The recently developed cast ATl 718Plus has similarities with Alloy 718; however, there is a lack of
literature concerning its weldability. A weld repair study on cast ATI 718Plus reported the most
homogenized material condition (Laves-free) to be more crack-susceptible than a moderately
homogenized condition [18]. Nonetheless, a majority of the studies have covered the weldability of
wrought ATI 718Plus only. The wrought version is devoid of the Laves phase, which is often found in
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as-cast materials. The segregation of P and B along the grain boundaries has been reported to aid in the
HAZ liguation cracking [51, 52].

Similar to the case of ATl 718Plus, very little is known regarding the weldability of the recently
developed cast Haynes 282. Although the wrought material was reported to have a good weldability [19,
53, 54], B-segregation at the grain boundaries was reported to be detrimental to the HAZ liquation
cracking [20, 30].

Careful control of the grain size is one very important tool for controlling the mechanical properties of
superalloys. While a large grain size is considered beneficial for creep strength, a small grain size is
considered beneficial in respect of tensile and fatigue properties; furthermore, it also has a positive effect
on the weldability, as a small grain size provides a larger area for stress accommodation [28, 55, 56].
Therefore, the grain size should be carefully controlled according to the specific application. In wrought
materials this is preferably done by precipitating n or 6 phase along the grain boundaries, which provides
a grain size in the range of 10 to 200 um [57]. However, in castings, the grain size can reach up to 3 mm
[58]. One way to keep a small grain size is by utilizing the Microcast-X process through a careful control
of the pouring temperature and induced turbulence in the molten metal [12], which can yield grain sizes

in the range of 90-1600 um, (significantly lower than conventional castings [58]).
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4. Weldability tests for hot cracking

Weldability tests can be classified into simulative and self-restraint tests. The simulative weldability
tests were used in the current study. They provide a better reproduction of welding conditions under a
controlled parameter set and allow quantification of the cracking extent. The self-restraint tests are used
for qualitative analysis and provide an indication of the material’s vulnerability to cracking [37, 59].

4.1. Varestraint testing
The Varestraint (variable-restraint) testing was first developed by Savage and Lundin in the 1960°s at
the Rensselaer Polytechnic Institute [60]. The first configuration applied longitudinal bending to the
length of the test plate. This type of test (longitudinal type) produces cracking both in the FZ and HAZ.
Later on, variants applying welds transverse to the sample length (transverse-Varestraint) and using a
spot (spot-Varestraint) tests were developed to separate the FZ and HAZ cracks, respectively. A
schematic diagram of the tests is shown in Figure 6. The augmented strain can be controlled using

interchangeable die blocks. The extent of the strain at the welded surface can be obtained by:

where t is the sample thickness and R is the radius of the die block.

> .
Longitudinal Transverse

l Die block l

Figure 6. Schematic diagram of different types of Varestraint tests [6].

Crack measurements are generally performed under a stereomicroscope at a magnification between 20—

50x. Different approaches are used for crack evaluation. Several metrics have been traditionally used
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for quantifying the cracking susceptibility, and these are summarized in Table 3. The total crack length
(TCL), which is the sum of the lengths of all the cracks and the average TCL (Avg. TCL) are commonly
used. The maximum crack length (MCL) or the maximum crack distance (MCD) is used for evaluating
the BTR or the solidification cracking temperature range. The threshold strain is the minimum strain

required for cracking, whereas the saturation strain is the strain, above which the crack length does not
increase [37].

Table 3. Commonly used parameters for crack evaluation.

Parameter References
TCL [61-65]
Avg. TCL [33, 41, 66]
MCL [63, 67]
MCD/SCTR [68, 69]
Threshold strain [28]
Saturation strain [28, 37]

The setup of the Varestraint test used in the current study is shown in Figure 7.

4
HYDRAULIC
SYSTEM

' 3 : "
2 /" & BEFORE TE , ! " AFTERTEST
/ - -

N

L

Figure 7. Varestraint weldability testing equipment at University West; setup a) before and b) after the
test.
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4.2. Gleeble testing
The Gleeble thermal-mechanical simulator was developed in the 1950s at the Rensselaer Polytechnic
Institute [70]. The Gleeble test uses a resistance heating to heat the samples and water cooled grips
(usually made from Copper) for cooling by conduction. This machine is capable of providing a heating
rate of up to 10,000 °C/s and an accelerated cooling with quenching systems. The Gleeble 3800 system
used in the current study is shown in Figure 8.

Test chamber

Figure 8. a) Gleeble 3800 system at University West; b) test setup showing sample heating in between the
copper grips and the attached thermocouples.

In the hot ductility test (HDT), the ductility of a specimen is measured in terms of its area reduction by
pulling the material at on-heating and on-cooling weld thermal cycles. The rapid ductility drop during
heating indicates the onset of liquation, which causes grain boundary embrittlement. The temperature at
which the ductility drops to zero is referred to as nil ductility temperature (NDT). The on-cooling test is
performed by heating up to a peak temperature (Ts), which leads to an appreciable melting, but below
the liquidus temperature (T.). Generally, a peak temperature (Tp) is chosen between the NDT and the
nil strength temperature (NST). During the on-cooling, the BTR is measured as the difference between
Te and the ductility recovery temperature (DRT), for which 5 % ductility recovery is achieved [37, 71].
A typical hot ductility curve with the important points highlighted is shown in Figure 9.
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Figure 9. A schematic diagram of typical hot ductility signature with weldability parameters used in this
study.
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5. Experimental methods

5.1 Materials and heat treatments
The chemical compositions of cast superalloys Alloy 718, ATl 718Plus, and Haynes 282 are

summarized in Table 4.

Table 4. Compositions in wt.% of cast Alloy 718 (Papers | and I1), ATI 718Plus (Papers I11 and 1V),
and Haynes 282 (Paper V).

Element | Alloy 718 | ATI 718 Plus | Haynes 282

Ni 52.98 Balanced Balanced
Cr 18.11 20.5 19.3
Fe Bal. 9.7 0.2
Co 0.07 8.3 9.9
Nb 531 6.3 0.1
Mo 2.98 2.7 8.5
Al 0.42 15 1.44
Ti 0.99 0.8 2.07
C 0.05 0.05 0.05
W 0.01 1.0 0.1
Mn 0.03 0.01 0.1
Cu 0.01 0.1 0.1
Si 0.07 0.03 0.001
P 0.009 0.008 0.004
B 0.03 0.005 0.006
Ta - - 0.1
S - - 0.001

Table 5 summarizes the heat treatments employed in this study. Alloy 718 was subjected to HIP at 1120
°C/4 h at 100 MPa to partially dissolve the Laves phase, followed by a post-HIP in vacuum at 1050 °C,
to dissolve any y*~ precipitated during the cooling. A second variant of HIP was applied at 1190 °C/4 h
at 100 MPa to put the Laves phase in a solid solution, followed by a post-HIP in vacuum at 870 °C /10
h to precipitate the 6 phase. A common solution heat treatment at 950 °C/1 h was applied after each
post-HIP step. Cast ATl 718Plus was subjected to three homogenization heat treatment temperatures at
1120, 1160 and 1190 °C with a dwell time of 4 h. Cast ATI 718Plus has higher Nb content than cast

Alloy 718. Therefore, a higher amount of Laves phase is expected in the “as-cast” condition. Additional
19



heat treatment trials at 24 h dwell times were applied to evaluate the homogenization effect. Cast Haynes
282 was subjected to three homogenization heat treatments at 1120, 1160, and 1190 °C/4 h, respectively,
followed by an additional heat treatment at 1135 °C/ 0.5 h to precipitate the secondary carbides along
the grain boundaries. The pseudo-HIP for cast ATl 718Plus and Haynes 282 were performed in

laboratory furnaces at the ambient pressure, followed by water quenching to avoid the precipitation of

vy~ phase.
Table 5. Heat treatment steps for cast Alloy 718, ATI 718Plus, and Haynes 282.
Material HIP/pseudo-HIP
HIP at 1120 °C/4 h + Post-HIP at 1050 °C/1 h + FC to 650 °C in 1 h + SHT at 950 °C/1 h +
AC
Alloy 718
HIP at 1190 °C/4 h + Post-HIP at 870 °C /10 h + FC to 650 °C in 1 h + 950 °C/1 h + AC
1120 °C/4 h and 24 h + WQ
1160 °C/4 h + WQ
ATI 718Plus
1190 °C/4 h and 24 h + WQ
1120 °C/4 h + 1135 °C/0.5 h + WQ
Haynes 282 1160 °C/4 h + 1135 °C/0.5 h + WQ

1190 °C/4 h + 1135 °C/0.5 h + WQ

FC: furnace cooling, AC: air cooling, WQ: water quenching

5.2. Varestraint weldability testing
Cast plates were electric discharge machined into test plates with approximate dimensions of 150 x 60
x 3.3 mm? for the Varestraint testing. Bead-on-plate welding was performed longitudinal to the bending
direction at various test radii from 20 to 200 mm, which corresponded to the augmented strain levels of
0.8%, 1.1%, 1.6%, 2.1%, 2.7%, 3.3%, 3.9%, and 8.2%, respectively. The test parameters for the
Varestraint testing and Gas tungsten arc welding (GTAW) are summarized in Table 6. The parameter
selection was based on a previous DOE (design of experiments) study involving Varestraint tests, which

produced the least amount of scatter [72].

Table 6. Parameters used for longitudinal Varestraint weldability testing using GTAW.

. Stroke rate Weld current Arc length Ar gas flow
Welding speed (mm/s) )
(mm/s) (A) (mm) (I/min)
1 10 70 2 15
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For the research reported in Paper | (Alloy 718), seven plates for each condition and strain level were
tested, i.e., a total of 168 test plates. Paper Il (ATI 718Plus) reported on the tests performed at strain
levels of 1.1%, 1.6%, 2.1%, and 2.7%, with three test plates for each strain level and condition, i.e., a
total of 72 test plates. In Paper V (Haynes 282), testing was reported at strain levels of 1.1%, 1.6% and

2.7%, with three test plates for each strain level, i.e., a total of 36 test plates.

Following the testing, the oxide layer from the welding was removed using a fine abrasive paper. Crack
measurements were performed using stereomicroscope at 20-50x magnification and crack lengths were
recorded for FZ and HAZ. The Avg. TCL values were plotted against the augmented strain for

evaluation.

5.3. Gleeble testing

Investment cast plates with dimensions of 300 x 60 x 12 mm? were cut out to final dimensions using

abrasive water jet cutting. The cast plates are as shown in Figure 10.

]
]
|
|
|
T
!
|
I
I
i
1
i
1
i
1
i
i
:
1
1
1
1
i
5. 5le—
18.5

Figure 10. Sample geometry used for hot ductility tests; sample thickness: 3.5 mm.

The test samples were heated at a rate of 111 °C/s to various test temperatures, maintained at the specific
temperature for 0.03 s, and pulled to fracture at a stroke rate of 55 mm/s, according to the details
provided in Table 7. The NST temperature was determined by heating the sample and applying a load
of approximately 100 N until it fractured. The NST values were determined only for Alloy 718 and ATI
718Plus, as very limited amount of test samples were available for Haynes 282. A common peak
temperature of 1220 °C was selected for comparison among the three alloys. On-heating and on-cooling
ductility values were measured in terms of the area reduction and plotted against the temperature for

evaluation.

Table 7. Test parameters used for Gleeble testing.

Heating rate | Cooling rate Peak temp. Stroke rate Holding time Free-span

111 °C/s 50 °Cl/s 1220 °C 55 mm/s 0.03s 20 mm
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5.4. Sample preparation and characterization

5.4.1 Metallographic preparation
Base metal and weld cross-sections were cut out from the Varestraint and Gleeble tested

samples. The metallographic preparation steps are summarized as follows:

e Mounting using conductive and thermoplastic compounds with Buehler SimpliMet
2000

e Grinding steps of 125 and 45 pum discs with Buehler PowerPro 5000

e Polishing steps with a Buehler Hercules S rigid disc using a 9-um Kemet liquid
diamond, and with a Trident cloth disc using a 3-pum Kemet liquid diamond

e Electrolytic etching using oxalic acid at 3.2 V for approximately 10 s

5.4.2 Grain size evaluation

Grain size analyses were carried out according to ASTM E112 standard [73]. The grain size
measurements for the cast Alloy 718 followed the metallographic steps previously described
with the only difference being the type of etchant used. Kallings 2 (2 g CuCl,, 49 mL HCL, 40-
80 mL ethanol) was used for the grain size evaluation. For cast ATl 718Plus and Haynes 282,
the grain size evaluation was conducted on macro-etched samples with 90% HCL, 10% HNOs,

and 120 g/L FeCls;, powder heated to approximately 50 °C.

5.4.3 Microstructural characterization
Microstructural characterization was conducted using an Olympus BX60M optical microscope

and a LEO 1550 FEG-SEM with Oxford electron dispersive X-ray spectroscopy.

5.4.4 SIMS and NanoSIMS analysis

Papers Il and 1V describe the time of flight-second ion mass spectrometry (ToF-SIMS) analysis
performed for detecting the segregation of minor elements at the grain boundaries using a
TOF.SIMS 5 instrument, with a 25 kV Bi cluster ion gun as the primary ion source, and a 10
KV Cs ion source for sputtering. The samples were analyzed using a pulsed primary ion beam
(Bis* at 0.2 pA) in delayed extraction mode, with a focus of approximately 400 nm. All the
spectra were acquired and processed with the Surface Lab software. The spectra were internally
calibrated to signals of C*, CH,*, CHs*, and Cr* for the positive ion mode, and C*, CH", Cy, and

Si” for the negative ion mode. The samples were etched using a Cs* beam at 20 nA/3KV.

Paper V reported on the examination of the grain boundary segregation by a CAMECA
NanoSIMS50L secondary ion mass spectrometer, using a primary beam of Cs*. The mass-

resolved images were obtained for 1B, 12C,, 28Si-, *'P-, and !B%®0;".
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5.4.5 Hardness testing
The hardness measurements were conducted using a Shimadzu HMV-2 micro-hardness testing
machine with a force of 0.5 Kgf (HV0.5) and a holding time of 10 s.

5.4.6 DSC
DSC was performed using a Netzsch-STA 441 F1 Jupiter® simultaneous DSC-TG equipment
using heating and cooling rates of 10 °C/min at a soak temperature of 1400 °C.

5.4.7 Material modeling
JMatPro 11.0, in conjunction with an Ni-based superalloy database was used to model the phase
stability of the investigated alloys.
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6. Results and Discussion

6.1. Alloy 718 (Papers | and II)

The effect of HIP-1120 was to partially dissolve the Laves phase, with the volume fraction of the
secondary precipitates decreasing from approximately 3.7% in the as-cast condition to approximately
1.7%, as shown in Figures 11 and 12. After being exposed to HIP-1190, the Laves phase was completely
dissolved, with the MC carbides remaining, and significant & phase precipitation surrounding the
carbides, as well as at the grain boundaries, with total of 1.3 vol.% of the secondary precipitates. Here,
the phase fraction was measured in area percentage and assumed to be the same as the volume fraction
percentage. The hardness decreased slightly from an initial value of 260 HV in the as-cast condition to
210-220 HV after HIP, whereas significant grain growth occurred from 1.7, 2.6, and 3.3 mm in the as-
cast, HIP-1120, and HIP-1190, respectively, as shown in Figure 12.

Figure 11. SEM-backscattered images showing the effect of HIP: a) after HIP-1120; b) partially dissolved
Laves phase; c, d) after HIP-1190 showing the presence of NbC carbides and & phase.

25



GS: 1.740.1 mm
4.5 7 HV: 26020

4.0+
3.5 1
3.0 A
R 25 4
3‘ GS: 2.6£0.3 mm
=20+ HV: 220£30
i GS: 3.3£0.3 mm
15 HV: 210£20
L]
1.0
0.5
0.0 T T j
As cast HIP-1120 HIP-1190

Temperature (°C)

Figure 12. Volume fraction of the secondary precipitates, hardness, and grain size in as-cast, HIP-1120, and
HIP-1190.

SIMS analysis revealed minor elements, such as C, Si, P, S, and B segregated to different extents along

the grain boundaries. The elemental map for HIP-1190 of Alloy 718 is shown in Figure 13.

10
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Figure 13. SIMS map showing segregation of minor elements along the grain boundaries at HIP-1190 of
Alloy 718.

After the Varestraint testing, a wide scatter in the Avg. TCL values was found for both solidification
cracking and HAZ liquation cracking, as shown in Figure 14 a) and b). Despite the large scatter in the
results, which is typical of cast materials, the overall conclusion was that there were no differences in

the solidification cracking susceptibility in different base metal conditions. The HAZ liquation cracking,

26



on the other hand, revealed that the as-cast condition exhibited the least amount of cracking, followed
by HIP-1120, and HIP-1190.
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Figure 14. Variation in the Avg. TCL with standard deviations for the as-cast, HIP-1120, and HIP-1190
conditions: a) FZ; b) HAZ.

Small and disconnected cracks associated with the melting of the y/Laves eutectic phase were found in
the as-cast condition (Figure 15), while in the HIP’ed conditions, the cracking occurred along the grain
boundaries. In particular, the grain size increase allowed the cracks to propagate longer than in the lower
grain size condition as shown in Figure 15. A larger grain size is generally known to be detrimental in
terms of hot cracking susceptibility [28, 55, 56, 74], and this was found to be an important factor in

differentiating the cracking susceptibility among the HIP’ed conditions.

HIP-1190

: :
:

Figure 15. a) Cracks formed in the liquated regions in the as-cast condition; b) liquation cracking in the
HIP-1190 condition of cast Alloy 718.

After the hot ductility tests, HIP-1120 exhibited on-heating ductility of approximately 50 % at 950 °C
and experienced a steep decrease above 1100 °C, whereas HIP-1190 exhibited a rather low ductility,
considering a significant scatter between the tests. The ductility drop for HIP-1190 started slightly above
1050 °C. The NDT for both the conditions was recorded at 1150 °C, as shown in Figure 16 and presented
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in Table 8. An on-cooling ductility recovery of 5% occurred at 1130 °C for HIP-1120 and 1115 °C for
HIP-1190, with corresponding BTRs of 90 and 105 °C, respectively.
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Figure 16. On-heating (On H.) and on-cooling (On C.) signatures after the Gleeble testing.
Table 8. Summary of different weldability parameters of Alloy 718; all the temperatures are in °C.

Condition | NST | NDT | DRT | BTR

HIP-1120 | 1270 | 1150 | 1130 | 90
HIP-1190 | 1255 | 1150 | 1115 | 105

A relatively rapid ductility recovery occurred in HIP-1120 owing to the limited amount of melting,
which was confined to liquation of Laves phase in the inter-dendritic regions, and partially from grain
boundary melting, as shown in Figure 17 a). The extent of liquation was more severe for HIP-1190, as
evident from Figure 17 b). Large MC carbides were seen to be unaffected in both the HIP conditions,
whereas small carbides with constitutional liquation in HIP-1190, as pointed by an arrow. The extensive
melting reflected in a larger BTR of 105 °C, indicating the temperature range, where the material is in
partial liquid form, which was 15 °C wider than that for HIP-1120.
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Figure 17. Fracture surfaces: a) HIP-1120 pulled to fracture at 1130 °C with inter-dendritic liquid from
liquation of Laves; b) HIP-1190 at 1130 °C with grain boundary melting and small carbides undergoing
constitutional liquation.

The ductility drop below the solidus of the alloy is believed to have occurred through liquation of solute
segregation of S, P, and B, which are known to lower the liquation temperature of the grain boundaries.
During the on-cooling, these elements extended the solidification range below the equilibrium solidus
of the alloy [44, 49, 50, 75, 76]. Figure 18 shows the effect of Nb as a solute element on the solidus of
the alloy. With the core compositions highlighted in the diagram, the supersolidus melting appears to be
much severer in the HIP-1190, where a more extensive homogenization raised the Nb content at the
cores, compared to that in HIP-1120. Therefore, both Nb and the minor elements influenced the grain
boundary liquation, with more extensive liquation in HIP-1190, and a larger grain size contributing to
the higher HAZ liquation cracking susceptibility.
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Figure 18. JMatPro isopleth diagram showing the variation in the solidus temperature with variation in the
Nb concentration (Ni balance), with highlighted compositions in the two HIP homogenization treatments
and reference nominal composition (N.C.) in the alloy.

29



6.2. ATI 718Plus (Papers 111 and 1V)

The effect of homogenization heat treatments on ATI 718Plus is shown in Figure 19. All the heat
treatments except for 1120 °C/4 h, were able to dissolve the Laves phase. The partial dissolution of
Laves occurred at 1120 °C/4 h. The heat treatment at 1190 °C/4 h also exhibited melting of the MC
carbides. The area fraction of the secondary phases in the inter-dendritic areas were estimated to be
approximately 5.3% in the as-cast condition, 2.6% at 1120 °C/4 h, and 0.5 wt.% in the other
conditions, which were able to dissolve most of the Laves phase. The base metal hardness decreased
from the initial value of approximately 410 to 330-350 HV after the homogenization heat
treatments. The grain size with an average value of approximately 1.3 mm was similar in all the

conditions [77].

a) as cast

40 pm

b) 1120 °C/4h c) 1120 °C/24h

d) 1190 °C/4h e) 1190 °C/24h

r'd

40 um . 40 um

Figure 19. Base metal microstructure for different conditions: a) as-cast; b) 1120 °C/4 h; ¢) 1120 °C/24 h;
d) 1190 °C/4 h with inset showing remelting of the carbide; €) 1190 °C/24 h.

SIMS analysis revealed the presence of minor elements C, S, Si, and B segregated along the grain
boundaries and no P was detected. An elemental map for 1190 °C/4 h is shown in Figure 20.
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Figure 20. SIMS map showing the segregation of minor elements along the grain boundaries at 1190

°Cl4 h.

After the Varestraint testing, no difference was observed in terms of solidification cracking

susceptibility. However, regarding the HAZ liquation cracking, the heat treatments at a longer dwell
time (i.e., 24 h) at 1120 and 1190 °C exhibited the most extensive cracking, whereas those at 1120,

1160, and 1190 °C with a shorter dwell time of 4 h exhibited the least amount of cracking, as shown in

Figure 21. The Avg. TCL for the as-cast condition had an intermediate behavior.
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Figure 21. a) Solidification cracking susceptibility and b) HAZ liquation cracking of cast ATI 718Plus.

The on-heating ductility was relatively low with none of conditions exceeding 25% area reduction, as
shown in Figure 22. While the ductility after the heat treatments at 1120 °C/4 h and 1190 °C/4 h were

comparable within the scatter range, the former reached the NDT at 1140 °C, and the latter reached the

NDT at 1120 °C (see Table 9). After 24 h of exposure time, ductility reduced for both the conditions;

however it was more severe for the 1190 °C/24 h condition. Both the homogenization heat treatments
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reached NDT at 1140 °C. During the on-cooling tests, only the heat treatment at 1190 °C/4 h was able
to recover 5% of the ductility with a BTR of 120 °C. All the other conditions failed to recover their

ductility.
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Figure 22. On-heating (On H.) and on-cooling (On C.) signature curves of ATl 718Plus: a) at 4 h; b) at 24

h

Table 9. Summary of different Gleeble weldability testing parameters; all the temperatures are in °C.

Temperature | Time | NST | NDT | DRT | BTR
4 1225 | 1140 - -
1120
24 | 1260 | 1140 - -
4 1225 | 1120 | 1100 | 120
1190
24 NA | 1140 - -

The inability to recover the ductility was caused by the extensive melting of the Laves phase and the
MC carbides in the inter-dendritic areas for 1120 °C/4 h (see Figure 23 a). However, a constitutional

liquation of the MC carbides and an extensive grain boundary melting occurred in the long-dwell heat
treatment of 1120 °C/24 h (see Figure 23 b). On the other hand, in the long-dwell heat treatment
condition at 1190 °C/24 h (see Figure 23 d), the MC carbides seemed unaffected. However, a grain

boundary melting occurred to a higher extent, as compared to 1190 °C/4 h (see Figure 23 c).
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Figure 23. SEM images taken after the on-cooling tests: a) liquation along the inter-dendritic areas in 1120
°C/4 h, pulled to fracture at 1120 °C; b) liquation along the inter-dendritic areas in 1120 °C/24 h, pulled to
fracture at 1100 °C; c) constitutional liquation of carbides at the grain boundary in 1190 °C/4 h, pulled to
fracture at 1120 °C; d) grain boundary melting in 1190 °C/24 h, pulled to fracture at 1100 °C.

It is possible that the ductility drop was associated with the liquation caused by the solute segregation
of S and B, although no evident liquation characteristics were visible below the NDT. These elements
were reported to cause liquation at lower temperature than the solidus [50, 52]. Figure 24 shows the
effect of Nb as a solute to the solidus temperature. With homogenization heat treatments, the level of
Nb changed between the inter-dendritic and dendritic core areas owing to diffusion. It can be seen that
with core compositions present at 1120 °C/4 h, the on-cooling peak temperature was well below the
solidus, whereas at 1190 °C/4 h, it crossed the solidus line. Comparably, more melting would be
expected in the latter case. In case of long-dwell-homogenization heat treatments of 24 h, more Nb was
released to the matrix, which shifted the composition towards the right side to the highlighted values,

thereby suggesting a more extensive melting.
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Figure 24. JMatPro isopleth diagram showing the solidus temperature change with a variation in Nb
concentration, Ni balance. Nominal composition (N.C.) and compositions in the dendrite cores
corresponding to the heat treatments are highlighted with dotted lines corresponding to the intersection
with the on-cooling peak temperature.

6.3. Haynes 282 (Paper V)

The base metal microstructure, as obtained through light optical microscopy is shown in Figure 25. The
segregation was reduced by increasing the heat treatment temperature both in the matrix and along the
grain boundaries. The quantification of the secondary precipitates in terms the of volume fraction
(vol.%) showed the highest value of approximately 1.5% in the as-cast condition, and decreased with
an increase in the heat treatment temperature to approximately 0.5% after the heat treatment at 1190 °C
(see Figure 26). Magnified images of the inter-dendritic region of the 1120 °C/4 h heat treatment
condition showed the presence of large MC carbides and small Mo-rich precipitates. At 1160 °C/4 h,
Mo-rich precipitates were still present, although to a lesser extent; whereas the treatment at 1190 °C/4
h was able to dissolve them, and only the MC carbides were present.
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Figure 25. Optical microscopy images showing the extent of segregation in the base metal under different
conditions: a) as-cast; b) 1120 °C/4 h; c¢) 1160 °C/4 h; d) 1190 °C/4 h. SEM images €) and f) showing
segregation of Ti—Mo-rich carbides and Mo-rich precipitates in the inter-dendritic areas after the heat
treatment at 1120 and 1190 °C/4 h, respectively.

The base metal hardness did not experience any significant change after the heat treatment, with a
hardness level in the range of 215-230 HV in the heat-treated conditions, and approximately 245 HV in
the as-cast condition (Figure 26). The average grain size of about 1.6 mm remained constant after all the
three heat treatments.
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Figure 26. Volume fraction of the precipitates, hardness, and grain size in the as-cast alloy and after pseudo-
HIP at 1120, 1160 and 1190 °C of cast Haynes 282.

No effect of homogenization treatments was seen on solidification cracking susceptibility, Figure 27 a).

HAZ liquation crack measurements were similar for the pre-weld heat treatments at 1120 and 1160 °C,
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which exhibited the least amount of cracking, whereas the 1190 °C heat treatment condition exhibited
the highest amount of cracking, Figure 27 b).
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Figure 27. a) Solidification cracking and b) HAZ liquation cracking susceptibility of cast Haynes 282.

Figure 28 shows that the area reduction values for 1120 °C were slightly lower than those of 1190 °C,
with a ductility drop starting at approximately 1150 °C, and approaching 0% at 1200 °C. The ductility

drop is generally attributed to the formation of a liquid phase responsible for the embrittlement of the
grain boundaries.
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Figure 28. On-heating (On H.) curves for pseudo-HIP conditions at 1120 and 1190 °C/4 h.

Only MC carbides were seen to liquate at 1200 °C in the 1190 °C/4 h heat treatment condition, whereas
extensive liquation of MC carbides and secondary phases had occurred at the grain boundaries in the
1120 °C/4 h heat treatment condition (see Figure 29).
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1190 °C

Figure 29. SEM images showing the extent of liquation at a) 1120 °C/4 h and b) 1190 °C/4 h after Gleeble
testing at 1200 °C.

At 1190 °C/4 h, B was found to be present in a free form at the grain boundaries (see Figure 30). This
temperature was adequately high to dissolve the B-rich particles. The line scans clearly revealed that B
was segregated to the grain boundaries. Therefore, the exacerbated cracking in the 1190 °C/4 h condition
appeared to be related to the B-segregation from the dissolution of C—B-rich precipitates at the grain
boundaries. This phenomenon is known to suppress the local liquation starting temperature, thereby
widening the effective melting range of the alloy. The subsolidus melting is not the only effective
mechanism for HAZ cracking; in addition to being a significant melting point depressant, B is also a
surface active element that improves the wetting property of the liquid so that the liquid is present in a
continuous form [21, 25].
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Figure 30. Elemental map (left) and line scans (right) showing B-enrichment along the grain boundaries in
the 1190 °C/4 h condition of cast Haynes 282.
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6.4. Comparison of Varestraint and hot ductility results

No differences in the solidification cracking susceptibility could be seen from Figure 31. In the as-cast
condition, Alloy 718 and Haynes 282 exhibited a similar HAZ liguation cracking susceptibility, whereas
ATI 718Plus was more prone to cracking than the former two. However, after the heat treatment at 1120
°Cl/4 h, the lowest cracking susceptibility was exhibited by Haynes 282, followed by ATl 718Plus and
Alloy 718, with the last being the most prone towards HAZ liquation cracking. After being subjected to
the heat treatments at 1190 °C/4 h, Alloy 718 was still the most crack-susceptible, with ATI 718Plus
and Haynes 282 exhibiting a lesser crack susceptibility (see Figure 31).
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Figure 31. Comparison of a) solidification cracking and b) HAZ liquation cracking susceptibility of as-cast
Alloy 718, ATI 718Plus, and Haynes 282. Comparison c) after heat treatment at 1120 °C/4 h and d) 1190
°Cl/4 h.

Alloy 718 and Haynes 282 had a comparable and relatively high ductility on heating after the heat
treatment at 1120 °C/4 h, with steep drops at 1120 and 1190 °C. ATI 718Plus had a lower ductility than
the other two, with the ductility drop starting slightly above 1100 °C. The NDT for Haynes 282 could
not be measured accurately owing to the unavailability of samples. The NDT values for Alloy 718 and
ATI 718Plus were 1150 and 1140 °C, respectively. After heat treatment at 1190 °C/4 h, the on-heating
ductility of Haynes 282 remained comparable to that at the lower heat treatment temperature. However,
Alloy 718 and AT 718Plus, in general, exhibited lower ductility values than did Haynes 282, with NDT
38



values of 1150 and 1120 °C, respectively. As for the on-cooling tests, ATl 718Plus, subjected to heat
treatment at 1120 °C/4 h, could not recovery it’s ductility, whereas the DRT for Alloy 718 was at 1130
°C with a BTR of 90 °C. Haynes 282 could recover it’s ductility relatively rapidly at 1150 °C, reaching
a similar level as that of the on-heating case. This was followed by Alloy 718 with DRT at 1150 °C and

a BTR of 105 °C, ATI 718Plus with DRT at 1100 °C and a BTR of 120 °C (see Figure 32 and Table
10).
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Figure 32. Comparison of on-heating results subjected to heat treatments at a) 1120 °C/4 h and b) 1190
°C/4 h; and on-cooling results subjected to heat treatments of ¢) 1120 °C/24 h and d) 1190 °C/24 h.

Table 10. Comparison of different Gleeble weldability parameters; all the temperatures are in °C.

Heat Tr. | NST NDT Peak T. | DRT | BTR

HIP-1120 | 1270 1150 1220 1130 | 90
Alloy 718
HIP-1190 | 1255 1150 1220 1115 | 105
1120 1225 1140 1220 - -
ATI 718Plus
1190 1225 1120 1220 1100 | 120
1120 NA NA 1220 NA | NA
Haynes 282
1190 NA NA 1220 1150 | 70
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6.5. HAZ liquation cracking mechanisms in cast superalloys

Nb and minor elements affect the cracking susceptibility, as reported in the literature review, as well as
the present study. However, two main metallurgical changes related to Nb and non-equilibrium
segregation of B can be used to explain the HAZ liquation mechanisms. While the equilibrium
segregation decreases with an increase in the heat treatment temperature, the non-equilibrium
segregation increases with temperature. Often, during the heat treatments, Nb diffuses from the inter-
dendritic areas by the dissolution of Nb-rich Laves phase. The extent of diffusion will increase with an
increase in the temperature, along the concentration gradient between the inter-dendritic and dendritic
areas and therefore, increases the local Nb level in the dendrite cores (see Figure 33).
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Figure 33. a) Diffusion distances of Nb as function of temperature and exposure time in Alloy 718; b)
homogenization effect of Nb after the heat treatments.

These considerations apply for the Nb-bearing Alloy 718 and ATI 718Plus. In Haynes 282, Mo has a
similar role as that of Nb in Alloy 718, i.e., as a segregating element. Similar to the previous
considerations, Mo diffuses away from the inter-dendritic areas, enriching the level in the dendritic

cores, as shown in Figure 34.
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Figure 34. a) Diffusion distances of Mo as function of temperature and exposure time in Haynes 282; b)
homogenization effect of Mo after the heat treatments.

To better explain the liquation mechanism in the cast superalloys, the weld heat treatment cycle is
divided into three stages as initially proposed by Radhakrishnan et al. [78] for the Nb-bearing superalloy
Alloy 718 (see Figure 35). Accordingly, the heating cycle is divided into three stages starting at the
eutectic (Te), followed by the solidus (Ts), and finally, the peak temperature (T,). Stage 1 is between the
ambient temperature and Te; Stage 2, between Te and Ts; and Stage 3, between Ts and T,.
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Figure 35. a) HAZ thermal cycle divided into three stages based on the temperature; b) corresponding
pseudo-binary phase diagram for Alloy 718; adapted from [78].

Stage 1. Solid-state diffusion and dissolution of secondary precipitates

Stage 1 is characterized by solid-state diffusion and dissolution of precipitates owing to the very rapid
heating cycles during the welding. A significant amount of diffusion was expected during this stage up

to Te. The diffusion coefficients of Nb and Mo in Ni were calculated using Arrhenius equation:
D =Dy X exp™(Q/RT) Eq. 2
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where D is the diffusion coefficient of Nb/Mo in the Ni matrix (m?/s); Do is material constant; Q is the
activation energy; R is the gas constant 8.31451 (J/molK); and T is the absolute temperature in Kelvin.
The material constant and activation energy values for Nb and Mo are given in Table 11. The diffusion

distance | for each temperature was obtained by:
1 =+2Dt Eq. 3

where D is the diffusion coefficient obtained by equation (1) and t is the diffusion time (s). The atomic
mobility at the grain boundaries is higher than that in the grain interiors and occurs with a lower energy
of activation. The | values of Nb and Mo at the grain boundaries were assumed to be the same as in the
bulk, as no self-diffusion (Do) coefficients were found for Nb and Mo at the grain boundaries; however,
Q at the grain boundaries was assumed to be half of that in the bulk in fcc metals [79].

Table 11. Do and Q values for Nb and Mo in Ni [80].

Element Do (m?/s) Q (kJ/mol)
Nb 8.8x10° 257
Mo 1.15x 10 281

The calculated values of diffusion for Nb and Mo are shown in Figure 36 in the matrix and the grain
boundaries. The temperature range used for the Gleeble hot ductility cycles in this study was selected
as the temperature range for these calculations as well. Comparatively, a higher diffusivity was obtained
for Nb in comparison to Mo. The diffusion distances at a temperature of 1160 °C were estimated to
about 0.5 and 0.2 um for Nb and Mo, respectively in the matrix. A higher diffusivity was obtained along
the grain boundaries owing to the lower activation energy required for diffusion. The calculated values
were approximately 225 and 125 pm for Nb and Mo, respectively. With such a high diffusion rate,

significant dissolution is expected to occur along the grain boundaries.
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Figure 36. Plots showing diffusion distances for Nb and Mo in Ni/Haynes 282: a) in the bulk of the
material; b) at the grain boundary.

Although, no melting is expected in this stage, as the temperatures are below the minimum solidus
temperature, it can still occur owing the solute segregation, especially along the grain boundaries. Small
impurity elements, such as S, P, and B preferentially tend to segregate along the grain boundaries, to
suppress the local melting temperature during the heating cycle [20, 49, 52]. During the cooling cycle,
they help in extending the solidification range below the minimum solidus of the alloy.

Stage 2. Ligquation of precipitates

Melting of Laves occurs as the weld thermal cycle temperature reaches Te. The extent of melting is
dependent on the volume fraction of Laves in the material. A higher contribution is expected in the as-
cast condition. Figure 37 shows an image of a HAZ liquation cracking via Laves liquation in Alloy 718.
After the homogenization heat treatments, the volume fraction of Laves decreased with increasing
homogenization temperature and the contribution to the liquation through Laves, therefore, decreased.

Another mechanism for liquation in this stage was through the constitutional liquation of carbides.

Figure 37. Liquation of Laves in as-cast Alloy 718.
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Stage 3. Supersolidus liquation

The areas next to the FZ, e.g., the partially melted zone, undergo matrix melting as the temperatures
reach above the solidus temperature. The extent of melting depends on the local solute content. This
also applies to the grain boundaries, where the solute segregation (Nb) can reduce the melting point. As
discussed in the previous section, the solute segregation along the grain boundaries lowers the liquation
temperature along the grain boundaries. At higher temperatures, the extent of Nb along the grain
boundaries and in the matrix governs the liquation extent in the Nb-bearing superalloys. In Figure 38 an
example is shown for Alloy 718, ATl 718Plus, and Haynes 282. The compositions highlighted represent
the matrix core compositions after the HIP and pseudo-HIP treatments. If the alloys were exposed to
heating cycles with a maximum temperature of 1220 °C, the material subjected to a heat treatment at
1190 °C/4 h would undergo more extensive melting as compared to that subjected to a heat treatment at
1120 °C/4 h in the case of cast superalloys 718 and ATI 718Plus. Similarly, in the case of cast Haynes
282, an isopleth as a function of varying amounts of Mo showed a solidus temperature above 1250 °C;

therefore, no subsolidus melting was expected at 1220 °C.
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7. Conclusions

The weldability of precipitation hardening cast Ni-based superalloys were investigated by Varestraint
and Gleeble tests. The conclusions regarding the research questions raised at the beginning of this thesis

are as follows:

RQ 1: How do the microstructural changes after the homogenization heat treatments affect HAZ

liquation cracking susceptibility of cast superalloys — Alloy 718, ATl 718Plus, and Haynes 2827?
Cast Alloy 718

o HIP-1120 conducted at 1120 °C/4 h was able to partially dissolve the Laves phase. This
HIP treatment exhibited a high on-heating and rapid on-cooling ductility recovery. The
liquation was contributed by the melting of the Laves phase, constitutional liquation of
MC carbides, and solute segregation along the grain boundaries.

o HIP-1190 conducted at 1190 °C/4 h resulted in a more homogenized microstructure and
a total dissolution of the Laves phase. The higher heat treatment temperature also
resulted in a larger grain size in comparison to that with HIP-1120. The homogenization
of Nb lowered the temperature required for the initiation of the supersolidus melting
along the grain boundaries, together with contribution from the solute segregation of
minor elements. The extensive melting along the grain boundaries and the larger grain
size led to an overall lower on-heating ductility and delayed recovery on cooling, which

caused a higher HAZ liquation cracking.
Cast ATI 718 Plus

e The HAZ liquation cracking susceptibility was found to be related to the heat treatment
dwell time, rather than the soak temperature. The heat treatments at 1120 and 1190 °C
of 24 h dwell time resulted in a more extensive cracking than with 1120, 1160, and 1190
°C/4 h dwell time.

e Heat treatments at 1120 and 1190 °C/4 h exhibited similar on-heating ductility. The
latter had the lowest NDT at 1120 °C, with the constitutional liquation of the MC
carbides starting at approximately 1140 °C. The condition of 1190 °C/4 h was the only
one to recover its ductility on cooling at 1100 °C, resulting in a BTR of 120 °C. The
liquation was mainly caused by a melting of the partially dissolved Laves in the material
heat-treated at 1120 °C/4 h. The heat treatment at 1190 °C/4 h exhibited extensive
constitutional liquation and partial grain boundary melting. However, the HAZ

liquation cracking susceptibility was comparable.
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e The long-dwell heat treatment at 1190 °C/24 h exhibited the lowest overall ductility.
The homogenization heat treatments at both 1120 °C/24 h and 1190 °C/24 h reached
the NDT at 1140 °C, but failed to recover in the on-cooling tests owing to the extensive
Laves liguation in the former and supersolidus melting in the later, which also caused

more severe HAZ cracking than in the 4 h dwell heat treatments.
Cast Haynes 282

e Material conditions subjected to homogenization heat treatments at 1120 and 1160 °C/4
h exhibited comparable HAZ liguation cracking. The heat treatment at 1190 °C/4 h was
the most crack-susceptible condition. The B-rich precipitates, possibly carboborides,
were found in the conditions of 1120 and 1160 °C/4 h, whereas the heat treatment at
1190 °C/4 h completely dissolved the carboborides, which led to B atoms being released
from the dissolution of these precipitates, and segregated to the grain boundaries;

e The complete dissolution of C—B particles and the segregation of B at the grain
boundaries at 1190 °C exacerbated the HAZ cracking.

RQ 2: What are the mechanisms in HAZ liquation cracking during the welding of these cast superalloys?

e Liquation from solute segregation, which is effective at lower temperatures: It was
found that B had a very important role as minor element segregating along the grain
boundaries.

e Precipitate liquation through the liquation of Laves phase in Nb-bearing superalloys,
i.e., Alloy 718 and ATI 718Plus, and the constitutional liquation of the carbides.

e Supersolidus melting, whose extent depends on the local solute content in the matrix

and along the grain boundaries.

Each of the above-mentioned mechanisms contributed to the overall extent of liquation, which in turn
also affected the HAZ liquation cracking susceptibility. It is clear that the HIP/pseudo-HIP treatments,
which minimized the overall extent of liquation, also minimized the extent of HAZ liquation cracking.
From the present investigation, it may be inferred that the HIP-1120 °C at 4 h for Alloy 718, pseudo-
HIP 1120 °C at 4 h for ATI 718Plus, and pseudo-HIP at 1120 and 1160 °C at 4 h for Haynes 282 were
beneficial. Therefore, a common homogenization heat treatment at 1120 °C and an exposure time of 4

h is recommended for the three cast superalloys.
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8. Future work

The mechanical properties of the welded parts after HIP/Pseudo-HIP should be investigated. In the
present study, the effect of homogenization heat treatments was investigated with regard to weld-
cracking susceptibility; however, it is also important to know how it affects the material performance.
This also needs to be considered in the context of requirements for specific applications. For example,
cast Alloy 718 components subjected to creep strength will require a larger grain size, which could be
achieved by HIP treatment at 1190 °C. However, this material condition exhibited more extensive HAZ
liquation cracking than the HIP at 1120 °C condition.

Cast superalloys ATl 718Plus and Haynes 282 were subjected to water quenching post pseudo-HIP
treatments to avoid precipitation hardening of phases. This is, however, not possible in an industrial
scenario owing to the large component sizes and issues related to distortions. Therefore, a slower
cooling, which minimizes the hardening of the material and non-equilibrium segregation of B is

recommended, as they are critical factors for hot cracking formation.

A more detailed grain boundary analysis using transmission electron microscopy/atom probe
tomography (TEM/APT) is suggested to investigate the chemical composition variation after the
diffusion. In-situ SEM tests at high temperatures are recommended to study the grain boundary
embrittlement effect due to solute segregation.

Furthermore, the role of Nb and Mo at different compositions need to be experimentally verified, e.g.,

via DSC measurements.
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