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Abstract

Hot ductility of the newly developed AD730™ nickel-base superalloy was investigated in the
temperature interval 1050-1240°C. The nil strength and nil ductility temperatures were
determined by hot tensile testing using the Gleeble™ 3800 weld thermal simulation method. The
influence of heating rate, representing the weld thermal cycle, on hot ductility behavior of the
alloy was also investigated. The microstructure and the fracture mode of samples were examined
by optical and scanning electron microscopy. The influence of heating rate on the extent of grain
boundary liquation and wvoid formation was determined and it is shown that the significant
ductility loss near the NDT point could be related to the reduction of surface tension at the grain
boundary-matrix interface. In addition, the contribution of hard precipitates, such as grain
boundary MC carbides, voids, and cavities as other damage mechanisms responsible for ductility
loss at high temperature, are discussed.

Keywords: Hot Ductility Test; Nil Ductility Temperature; Nil Strength Temperature; Void
Formation; Liquation.

1. Introduction

Investigations on hot-ductility behavior of materials are used to evaluate the susceptibility of an
alloy to cracking at elevated temperatures, during solidification, hot deformation, or welding [1].
Considering that nearly all engineering alloys go through the above manufacturing processes; it
is therefore of critical importance to quantify and better understand their hot ductility behavior.
Nil ductility temperature (NDT) and nil-strength temperature (NST) are two key parameters
when studying the hot ductility of metallic systems [2, 3]. NDT has been defined as the
temperature at which the material experiences significant ductility drop (e.g. reduction in area)
during tensile testing and NST is the temperature at which the alloy, under the effect of a very
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small constant tensile load, loses its strength [2, 3]. NST is located in the temperature interval
between the NDT point and the liquidus temperature (T.) and corresponds to the point where the
alloy loses its strength [4-6].

Segregation of solutes and formation of precipitates along grain boundaries have been identified
as the main causes of ductility loss at high temperatures [7-12]. Therefore, alloy systems with a
large number of alloying elements in their composition and microstructure are prone to hot
cracking. Superalloys, as the most performant high temperature alloys, and particularly modern
nickel-based superalloys have sometimes up to fifteen alloying elements in their composition and
several types of precipitates and are therefore highly sensitive to hot cracking during forging or
Heat Affected Zone (HAZ) liquation cracking of welded structures [1, 13-17].

Mejia et al. [10] observed that hot ductility of an advanced high strength steel (AHSS) was
mainly controlled by deformation induced matrix and grain boundary sliding by formation of the
thin pro-eutectoid ferrite layer and the precipitation of carbides or nitrides particles at the
austenite grain boundaries. Lee et al. [18] reported that the severity of the ductility loss of a
GTD111 and Inconel 738LC (IN738LC) superalloys were dependent on the degree of grain
boundary wetting due to constitutional liquation of MC carbide precipitates. Qian and Lippold
determined NDT and NST points of Inconel 718 (IN718) [14] and Waspaloy [17] and reported
that MC-type carbide constitutional liquation and segregation induced grain boundary liquation
are responsible for HAZ liquation cracking behavior. They considered that the grain size and
grain boundary characteristics are the two primary factors influencing HAZ liquation cracking.
Knock et al. [19] studied the weldability of IN718 and the fracture surfaces of samples after
NDT and NST. They observed many carbides and voids in fracture surface which caused failure
at NDT and NST points. Ramirez [13] reported on Inconel 740 susceptibility to liquation
cracking and ductility-dip cracking and found NDT and NST for the alloy. Anderson et al. [11]
investigated the hot ductility of Haynes 282 alloy using low heating rates with different solution
heat treatments conditions. They found that the on-heating ductility drop occurred because of
liguation of secondary phases and melting point depressant elements for all the applied heating
rate. However, in the above studies, most, if not all, the heating rates used for the investigations
were very low and are not well representative of the heating rates encountered during real
welding conditions (100-400°C/s [20-23]), whether solid state such as Linear Friction Welding
(LFW) or fusion welding.

In recent years with the advent of new manufacturing technologies, LFW has been considered as
a very competitive technology for producing blade integrated disks (Blisks) compared to the
conventional fir-tree disk-blade mechanical assembly [24-26]. LFW is a solid state joining
process during which through the generation of frictional heat and application of a forge
pressure, the mating interface is brought to high temperature, high strain plastic deformation (1-
20 s1) [20-23], and welded together. Despite the fact that no melting is expected to occur at the
interface; however, due to the large number of alloying elements in the composition of



superalloys, liquation cracking could occur under some processing conditions resulting in
significant ductility loss and produce unacceptable weld defects or even fracture. Specifically,
weld regions between the HAZ and the weld line are prone to crack susceptibility due to possible
liquation or void formation as a result of rapid and uneven thermal cycles [27].

In the present work, the influence of some LFW process parameters (high temperature and high
heating rate) on hot ductility behavior of a new generation nickel-based superalloy, AD730™™
intended for Blisk applications will be investigated. Specifically, the NDT and NST temperatures
were determined, the fracture surfaces of the samples were examined and possible governing
mechanisms for the observed behaviors are discussed. It should be mentioned that despite the
above mentioned studies on hot ductility loss of superalloys, few or none of them consider
conditions similar to the ones observed during LFW and very few of them correlate the NDT and
NST temperatures with the fracture surface of the alloy.

2. Materials and Experimental Methods

The AD730™ alloy was provided by Aubert & Duval. The alloy was produced through ingot
casting using vacuum induction process followed by vacuum arc remelting and finally radial
forging to produce a bar-round billet with a diameter of 86 mm (Fig. 1). An 84 mm in diameter
and 110 mm in length bar was then cut from the center of the billet for the study. The bar was
solutionized at 1080 °C for four hours followed by air cooling.

The chemical composition of the studied material is given in Table 1. The microstructure of the
alloy is shown in Fig. 2 with an average grain size of 51.36 = 9.14 pm and y' volume fraction of
40% [28, 29].

Table 1. Chemical composition of AD730™.

Element Ni Fe Cr Co Al Ti Mo w Nb C
Wt. % Bal. 4 15.8 8.0 24 3.8 29 2.0 1.2 0.02
At. % Bal 4.08 17.31 7.73 5.07 452 1.72 0.62 0.74 0.094
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Figure 1. NDT and NST sample location in the as forged billet.

Figure 2. Initial microstructure of AD730™ superalloy.

For NST and NDT experiments, 10 mm diameter and 120 mm long rods were prepared from the
external diameter of the bar using electro discharge wire cut machining (wire-EDM). Figure 1
displays a schematic view of the bar and the location of the machined rods along with their
dimensions.

The determination of the NDT and NST temperatures was made using the Gleeble™ 3800
thermomechanical simulator. Heating rates in the range, 5-100°C/s in the temperature interval of
1050-1240°C and a strain rate 2.5 s! were used for the test, which were all carried out under
vacuum. The thermal cycle consisted of two distinct steps: the heating and the cooling cycle. In



the heating step, the heating rate, the peak temperature, and the holding at peak temperature were
controlled with high precision (less than 0.2% variation) using the advanced control system of
the Gleeble machine. During the cooling step, cooling rate and holding time at test temperature
needed to be precisely controlled. A pair of specially designed grips was used in order to
increase the accuracy of the results during testing and reduce to a minimum the temperature
gradient along the sample gauge length.

Two series of tests with different sample geometries and experimental setup was conducted for
the determination of the NST and NDT. For NST tests, 75 mm long and 6 mm diameter samples
were used in a setup in the Gleeble™ system as shown in Figure 3. A pneumatic actuator
equipped with the nil strength jaw system was employed to apply a nominal tensile loading of 90
N. This small load was applied before heating and was kept constant throughout the test until the
fracture of the specimen. R-type thermocouple wires were welded within the span zone, in the
middle of the sample. Samples were then heated in vacuum at 1076 torr using alternated current
with heating rates of 5°C/s, 25 °C/s, 50 °C/s, and 100 °C/s until rupture. The measured
temperature at the rupture point is the NST of the alloy.

For the NDT tests (i.e. hot ductility tests), different specimen size and geometry as well as
machine setup, as schematically illustrated in Figure 4 were used. The maximum peak
temperature was selected approximately 50 °C lower than the determined NST. The specimens
were heated therefore to temperatures in the range 1050°C-1240°C at a constant heating rate of
100 °C/s followed by two seconds holding time before it was strained at a rate of 125 mm st
(~2.5 s'1) until failure. Figure 5 shows the testing procedures used for the determination of the nil
strength temperature and the hot ductility behavior of the AD730™ alloy.

Both NST and NDT experiments were repeated at least three times to validate repeatability of
the results and the mean value were used for subsequent analyses. The fracture area was
measured after each experiment using a digital caliper as well as profilometer to ensure accuracy
and the average of the readings was considered as the reduced diameter of the fractured sample.
In agreement with other published works, the limit of 5% reduction area was considered as the
criteria for the determination of the NDT point [2].
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Figure 3. Gleeble™ 3800 physical simulator setup and adapted geometry for determining
nil strength temperature. Using a special actuator allows maintaining a constant 90 N
tensile load on sample throughout experiment. The specimen dimensions are 75 mm long
and 6 mm diameter.
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Figure 4. Schematic of Gleeble ™’s procedure for hot ductility testing, (a) on-heating hot
tensile testwith constant heating rate, holding time and stroke rate at different
temperature. (b) hot ductility curve with respectto testing temperature; note that the NDT
is loner than the NST and y solidus temperature of AD730™.
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The NST and NDT specimens were characterized using optical microscopy (OM) and scanning
electron microscopy (SEM, TM3000, Hitachi) as well as the energy dispersive spectroscopy
(EDS) technique in order to investigate fracture surface morphology, microstructural evolution,
and chemical composition analysis. Examination of the NST and NDT samples was conducted in
the transverse and longitudinal directions. The samples for OM and SEM observations were
prepared using standard metallographic procedures and chemically etched in Kalling No.2’s
reagent (CuCk: 5 g, HCI: 100 ml, and ethanol: 100 ml). The growth, coalescence and fraction of
voids at the fracture surface of NST samples were determined according to ASTM standard,
E1382-97 [30] via images taken at 200x and 500x magnifications by OM and SEM. Digitized
OM and SEM images were processed using GIMP and ImageJ software to quantify the size and

fraction distribution of voids.
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Figure 5. Gleeble™ 3800 physical simulator setup and adapted geometry for conducting
hot ductility testing. Large load cell is used on the high force jaw systemand the lengthwise
change is controlled by longitudinal transducer.
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3. Resultsand Discussion
3.1. Nil strength temperature

The NST was measured during on-heating experiments using four different heating rates and the
obtained results were compared with the published NST of IN718 and Waspaloy [14, 31], as
shown in Figure 6. The lowest NST (1280°C) was obtained for the heating rate of 5 °C/s and the
highest (1295°C) for the fastest heating rate of 100 °C/s. For the intermediate heating rates of 25
and 50 °C/s the NST values were very similar varying in the range 1289°C and 1291°C. The
average NST value for AD730™ alloy was therefore determined to be 1290°C. The nominal
temperature tolerance during all the experiments was in the range of £1°C.

Knorovsky et al.[32] and Knock [19] reported that the average NST point for as-received IN718
for a heating rate similar of about 110 °C/s was 1276°C. Qian [31] reported an average value of
1302°C for Waspaloy in the as received condition and a heating rate of about 110 °C/s (From the
literature no error bars given). It can be seen that the NST points of IN718 and Waspaloy are in
the same range as the one determined for AD730™M. Differences in chemical composition and
applied heat treatments are probably the main reason for the observed variations in NST values
between the three alloys. For instance, Boron rich constituents and grain boundary liquation were
more salient in NST samples of IN718 [19, 32] and Waspaloy [31]. Furthermore, variation in
heat treatment cycles may result in grain boundary segregation and/or increase the fraction of
some secondary phases (e.g. o-phase in IN718) increasing the propensity for grain boundary
liguation during nil strength experiments [14, 31, 33]. On the basis of the obtained results, it
could be said that the NST value does not seem to be very sensitive to the heating rate and that
variations are more sensitive to chemical composition and thermal cycle applied to the alloy.
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Fig. 6. Variation of the NST point of AD730™ with heating rate when compared to
the NST of IN718 [19, 32] and Waspaloy [31].

3.1.1. Fracture surface analysis

lllustrative examples of the fracture surface of the NST samples are shown in Fig. 7a-d. A large
number of voids were observed on the surface of the samples, as indicated by in each figure. The
samples were fractured at high temperature (near to the melting point) at which the alloy had no
ductility and strength. Examination of the fracture surface revealed a brittle characteristic with
the presence of porosity, microvoids, and liquations for all four tested heating rates. Partial or
total melting at the grain boundary was also observed in all samples, suggesting that the observed
grain boundary cracks are the result of post-fracture liquid cooling. These findings corroborate
with those reported by Knock in IN718 [19]. It should be noted that liquation cracking is the
forming, presence and persistence of liquid films at grain boundaries (GBs) and their inability to
accommodate the thermally and/or mechanically induced strain experienced during the loading
at elevated temperature and weld cooling that subsequently reduce the grain boundaries strength
[14, 17].

Qian and Lioppold [14] reported that in IN718 alloy, boron carbide liquation produced a low
melting eutectic, an extra low melting point constituent that further aggravates the liquation then
led to cracking. Masoumi et al. [34] observed liquation in AD730™ and attributed it to the
melting of carbides within GBs.

10



Figure 7. Fracture surface of NST samples at different heating rates. a) 5 °C/s, b) 25 °C/s,
¢) 50 °C/s, d) 100 °C/s. White arrows indicate the large voids and circled zones indicate
small voids coalescence.

The porosities and voids observed in the above figures have been related to the application of
stress during tensile test and the fracture phase through the creation of spaces as a result of grain
boundary sliding or precipitate removal. Lin et al. [35] reported that interaction and
accumulation of dislocations near the boundaries and particles result in strain concentration in
these areas and leads to the nucleation of microvoids. In addition, the accumulation of slip bands
in the boundaries causes the formation of voids; as a result, a loss of strength occurs due to
decreased interface energy [36]. In the present work, the voids were counted and classified into
different size categories to compare their distribution for each heating rate. Preliminary
qualitative examination of the voids in different samples showed that at the heating rate of 5 °C/s
(Fig. 7a), the number of microvoids is lower than the sample exposed to 100 °C/s (Fig. 7d);
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however, their sizes are significantly bigger indicating the occurrence of microvoid coalescence.
An intermediate trend is observed for samples heated at 25 and 50 °C/s. Figure 8 shows the
evolution of void size distribution as a function of heating rate obtained by counting the voids
present on the fracture surface using ImageJ image analysis software. As mentioned in the
experimental method section a total number of at least 50 voids were counted for the size
estimation.

As shown in Fig. 8, at higher heating rates (50 and 100 °C/s), the voids were smaller while by
applying lower heating rates (5 and 25 °C/s), larger voids were formed (more than 100 pm).
Considering the scatter in size distribution of the wvoids, they were categorized in two groups,
from 0 to 10 um and from 0 to 100 pum, and the results are shown in Figs. 9 and 10, respectively.
As can be seen from these figures, a higher percentage of small voids with higher fraction could
be associated to higher heating rates. In contrast, larger voids (20-100 pum) with lower fraction
characterize the low heating rate conditions (5 and 25 °C/s) (Fig. 10). It should be noted that
applied temperature, heating rate (i.e. time factor) and stress are the main variables that affect the
extent of damage during the test. For example, NST tests are characterized with a constant stress;
however, at lower heating rates, more time is available and therefore, smaller voids coalesce into
one another and form larger ones that cause damage. In contrast, as shown in Fig. 9, at higher
heating rates the fracture surface is characterized by a large number of small voids indicating that
nucleating was accelerated but there was not enough time for void growth under these
conditions. The role of temperature, time, and applied stress on the nucleation rate and growth of
voids will be discussed further in the upcoming sections.
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In the case of the investigated alloy, Masoumi et al. [37, 38] observed that cavities initiated
preferentially at the grain boundaries due to the nucleation of voids around the primary y' or
carbides. The NST results shown in Fig.6 indicate that even for the lowest heating rate the NST
(1280°C) is above the dissolution temperature of primary y' in AD730™ (1150°C) [39]; thereby,
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confirming the origin of void formation in AD730™ and by extension to other nickel-based
superalloys.

Finally as shown in Fig. 7(a-d), a large number of dimple like features that are visible at the
fracture surface. Such surface characteristics have already been also reported in other superalloys
[35, 40, 41]. They have been related to the growth (Fig 7 a and b) and coalescence of voids (Fig.
7 ¢ and d), and cavities nucleated at grain boundaries which have been connected to the surface
and assisted surface crack growth due to the reduction of the surface area resulting in the
formation of a large number of microvoids that produce a dimpled crack surface [35, 40-42]. For
the low heating rate, void coalescence could take place and the dimples appear larger, while for
the fast heating rate very small dimples are observed at the fracture surface. Furthermore, in
general, surface tension decreases when temperature increases due to lower intermolecular
cohesive forces between the grains [43]. As a result, the adhesion between the grains in the
boundary area is weakened, resulting in void connection and the growth of micro-cracks at the
boundary and subsequent failure of the sample without any ductility. Therefore, the large number
and distribution of voids which brought them closer led to the crack growth and likely easier to
connect to each other and brittle fracture happened.

3.2. Nil Ductility Temperature

As explained in section 2, the hot ductility tests with the objective to determine the nil ductility
temperature of the alloy were conducted between 1050 and 1240°C using a heating rate of
100°C/s.

3.2.1. Analysis of the flow curves

Fig. 11 shows the stress-strain curves of hot tensile tests of AD730™ superalloy for the different
temperatures of deformation. The flow behaviors are significantly affected by the deformation
temperature and composed of three distinct stages, work hardening, flow softening, and the final
fracture stage. A peak after the strain hardening, followed by a yield drop phenomena was also
observed in all the specimens. The stress difference between the upper and lower yield points
was nearly the same for the first four testing temperatures. For the 1240°C, the lower yield point
was not detectable due to the sample fracture under this condition. Several authors have also
reported the occurrence of a yield drop phenomena during hot deformation of various types of
superalloys [7, 44]. Guimaraes and Jonas [45] attributed the stress peak to dislocation locking
due to short range ordering of y' forming elements (Ti and Al) while Chamanfar et al. [46]
showed that carbides can act as an additional source for dislocation locking. Recently, Zhao et al.
[47] associated the yield drop to the occurrence of softening phenomena such as dynamic
recovery and dynamic recrystallization (DRX). However, considering that the yield drop occurs
over a very short period of time, observing microstructural variations during yield drop becomes
very challenging.
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In the present work and at the tested temperatures, the slow increase of flow stress after the yield
drop is mainly associated with the interaction of strain hardening and softening mechanism. The
results show that the strain of the alloy increased with temperature until 1150°C. High
deformation temperature can promote the mobilty of grain boundaries for dislocation
annihilation, and thus the flow stress decreases probably due to the grain boundaries mobility,
more DRX and dissolving the secondary phase precipitates at temperatures higher than 1000°C
in AD730™ as reported by Masoumi et al. [37, 39]. Consequently, with increasing strain, diffuse
necking occurred during tensile test and led to sample fracture. Huang et al. [48] studied the
failure behavior of IN718 superalloy and observed localized necking in the temperature range
above 950°C. They also found that cavitation was the main cause of localized necking,
particularly at higher strain rates (strain rates above 10-2 s't). Therefore, the combined effects of
localized necking and microvoid coalescence and interlinkage (near the NST) appear to be the
responsible mechanisms for intergranular and fracture of the hot tensile tested samples.
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Figure 11. Stress-strain curves of hot tensile tests obtained by Gleeble ™ 3800.

Fig. 12 shows the evolution of the reduction in area with temperature obtained from the hot
ductility tests. Based on the defined criteria for the NDT (point of 5% reduction area) the nil
ductility temperature for AD730™™ alloy is 1234°C. This value is in agreement with those
obtained by other researchers for IN718 (1200°C) [19], IN718Plus™ (1150°C) [49], and
Waspaloy (1250°C) [31]. As a result, by comparing the reported results for other alloys with the
investigated alloy, it can be concluded that the difference between NST and NDT for all the
above alloys is in the range of 40 to 90°C.
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A comparison of the initial microstructure of the alloy (Fig. 2) with the one after the tensile test
(for 1240°C) revealed that the grains size behind the fracture zone did not change significantly
passing from 51.36 £ 9.14 pm in the base material to 58.13 £+ 15.43 pm (not shown here) for the
samples exposed at 1240°C. This is probably related to the limited time available for grain
coarsening associated with the high strain rate and heating rate used in the experiments.
Therefore, the effect of grain size variation on the hot ductility behavior of the alloy under these
conditions could not be significant. Furthermore, above 1150°C, the dissolution of y’ particles
and carbides in the microstructure, especially the ones at the grain boundaries, have a detrimental
effect on mechanical properties as observed in the stress-strain curves of the samples tested at
1200 and 1240°C.

The results obtained in the present work show (Fig. 12) that AD730™ superalloy has zero
ductility under tensile loading above 1234°C, where y' precipitates are completely dissolved and
liquation could occur under non-equilibrium conditions. Similar results have been reported by
Ola et al. [50] for IN738LC. Specifically, the authors reported that the occurrence of liquation in
the vicinity and within grain boundaries degraded the ductility of the alloy under tension and, as
such, the alloy failed without plastic deformation [50]. Furthermore, as reported by other
investigators [34, 37, 40], complete dissolution of y' particles in the matrix of AD730™ occurred
at 1200°C which resulted in significant weakening of the grain boundaries in which liquation
could occur. In general, intergranular cracking at high temperatures takes place at locations with
localized stress or structural imperfections such as the grain boundary edges, triple points, and
interface of brittle particles and are accompanied with grain boundary slipping and the formation
voids [36, 51, 52]. The possible operation of the above mechanisms in the present study will be
discussed in the following.
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Fig. 13 shows the fracture surface for the specimens exposed to 1050, 1100, 1150, 1200, and
1240°C. A ductile fracture characterized with a large number of dimples and interstitial cavities
(Fig.13 a-c). The presence of the larger voids may be due to the presence of large precipitates
such as carbides that can be seen on the fracture surface of Fig. 15. By increasing the
temperature to 1200°C and then to 1240°C the fracture mode changed from intragranular to
intergranular (Fig. 13d and e); however, the fracture is fully intergranular at 1240°C. The
presence of cracks along the grain boundaries and the clear definition of the grain limits in the
fracture surface, and the differentiation of the shape of each grain during failure are signs of
(quasi-)brittle fracture. The morphology of the fracture surface and the amount of reduction area
for each specimen clearly revealed the transition from ductile to brittle fracture. The evolution of
the fracture surface from 1050°C to 1240°C in Fig. 13 indicates that microvoids and cavities are
present along the tensile direction of the specimen and coalesce to become a continuous crack.
The brittle fracture occurred when the temperature approached the NDT, whereas at lower
temperatures the fracture was ductile.

The presence of grain boundary cracks and cavities within the microstructure is also reported in
the zones below the fracture surface as shown in where cavities and microvoids formed due to
the particle detachment (MC carbides) in the boundary areas can be observed. Fig. 14 (b) shows
the formation of microcracks as a result of interconnection of previously formed cavities within
the boundaries. Similar results have been reported also by Gifkins [53] and Greenwood [54]. The
above findings further confirm that cavitation and wvoid nucleation and their growth during
deformation at high temperatures are the main causes for grain boundary cracking and
subsequent minimum ductility.

17



1050°C

1200°C

S50 pm

1150°C

S0 pm

1240°C
Figure 13. Fracture surface after NDT tests of AD730™ alloy,
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100 pm 100 pm
Figure 14. SEM images showing void formation and crack growth at grain boundaries in
the fracture area obtained from cross-sectioned 1240°C specimen.

3.2.2. Characteristics and formation mechanism of cavities

Cavities or voids formed at grain boundaries can have different shapes depending on whether
they formed at the junction of two grains, triple junctions, and four-grain junctions (voids in
inclusion-free boundaries) or at the interface of inclusions or precipitates present at the grain
boundaries [12, 55]. All the above type of voids and cavities were observed in the examined
fracture surface of samples as shown in Figs. 13 and 15, and internal microstructure, as shown in
Fig. 14.

Gifkins [53] and Smith [56] reported that the spacing between the cavities was about the same as
that of the slip bands formed during the hot deformation process. Afterward, the slip bands
formed ledges near the boundaries, which then nucleated the cavities through the grain boundary
sliding (GBS) process by the applied stress. Moreover, cavities could also nucleate around the
particles that are present at the grain boundaries [56]. As the temperature increases, the stress
required to maintain a given strain-rate falls in such a way that the void growth rate increases
while void nucleation rate decreases. In contrast, at low temperatures, the opposite occurs and
higher nucleation rates and lower growth rates are observed [12]. The energy barrier (4Gc) for
nucleation is function of the free surface energy (y) or surface tension and the volume of the void
of critical radius (rc) [12]:

3
AG, = % Eqg. (1)
=2 Eq. (2)
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Where o is applied tensile stress, Fy( is the function of void geometry and rcd. Fyw is the
volume of the void of critical size and a is the angle formed at the junction of the void and the
grain boundary.

If pmax is the maximum number of potential nucleation sites in the grain boundary per unit area,
then the number of critical nuclei per unit area is:

-AG,

Pc = Pmax-€XP(—75) Ea. (3)
Where pcis the number of supercritical nuclei formed per second and it is time-dependent. Using
the above analysis the nucleation rate (p) can be described as [12]:

. 4 0] 4V3-Fv a

p =058 (1+22) (prax — P) X exp|—~(522)| Eq. (4)
23.0 '

Where Q is the atomic volume (usually 0©Q/kT<1) and Dgo is the boundary diffusion coefficient

times the boundary thickness. The exponential factor is the dominant influence in the

temperature dependence of nucleation. Therefore, Fvw), y and o are the critical parameters in

determining the nucleation rate.

The above equation, which has been developed for pure copper, indicates that, void nucleation
and growth depend on temperature; applied stress and time (i.e. strain rate and heating rate). The
results obtained in the present study also confirm such dependence for the investigated nickel
base superalloy. However, in order to quantitatively determine the nucleation rate of voids as a
function of heating rate for AD730™ alloy, each of the variables in equation (4) need to be
known. Such data (for example, void geometry, void critical radius, interface energy, etc.) is not
available in the literature and their determination was out of the scope of the present study.
Therefore, the time to fracture defines the area fraction of voids in a grain boundary, which could
be attributed to the voids fraction and/or voids size during deformation. As different heating rates
were used during the NST tests, it is expected that both void fraction and void size would vary
during testing.

In general, nucleation is continuous with time ie., the number of nuclei increases with time
towards the number pmax. As shown in Fig. 15 (a) and (b), MC type carbides with M = Ti, Mo
and Nb-rich carbides are present at the grain boundaries. These carbides are not coherent with
the matrix and cause the formation of voids and cavities due to the difference in the shear
modulus between the particles and the matrix [48, 57]. The stability of the cavity nuclei depends
upon their growth to the critical size by absorbing vacancies. As reported by Gifkins and Smith
[53, 56] the growth of the cavity nucleus is opposed by the cavity surface tension which tends to
shrink it and suppress it, unless the cavity growth rate is high enough and could reach the critical
size. Once this step is successfully passed, the cavity continues to capture vacancies until cavities
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link to form chains [53, 56]. Finally, these chains grow to form cracks over part or all of the
grain boundary and joint other cracks in the neighbouring grains (Fig. 14 (a, b)).

The presence of liquation at the grain boundaries was also observed in all samples tested at 1200
and 1240°C, as illustrated in Figure 15 (a-d). Fig. 16 shows the liquation thickness in the
different zones of the sample exposed to 1240°C. As it can be seen, the average measured
thickness of the liquation film within the grain boundaries is maximum in the vicinity of the
fracture zone and drops significantly as the distance from the fracture surface increases. Knock
[19] reported that as the liquid forms around the grains, the material retains some of its strength
due to capillary effects. As the fraction of liquid increases, the capillary effects are unable to
support the forces on the interface of each grain. Afterward, the surface tension diminished and
the grain boundary strength decreased which led to crack growth and ductility dropped in the
alloy at high temperatures. In a previous investigation on liquation in a nickel-based superalloy
with relatively similar composition to AD730™ | it has been reported that liquation of Cr-rich
carbides (often containing some Co and W) within grain boundaries took place at the origin of
the formation of the liquid zones [58].
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Figure 15. SEM images from samples exposedto 1200 and 1240°C of AD730™ showing: a)
liquation at the GB, b) GB liquation and joining of the voids, c) carbides at GB and triple
junctions, d) liquation at GB and crack growth, e) map analysis of a carbide particle in
image (d).
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Figure 16. Variations of the liquation thickness from the fracture zone to the parent
material in the sample. Obtained from the longitudinal cross section of the NDT test
sample 1240°C. Measurements positions in the fractured sample are indicated by arrows.
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Miller and Chadwick [59] studied on the effect of liquation on boundaries strength. They
obtained the stress required for splitting the interface by overcoming surface tension at the solid-
liquid interface on liquated grain boundaries (Eg. 5):

o= 2 Eq. (5)
h
Where the tensile stress, o the stress required to overcome the attraction due to surface tension,
yst IS surface tension at the solid-liquid interface and h is the liquid film thickness (the meniscus

for the case of complete wetting is given by 2). Furthermore, Xiao et al. [60] proposed the

following equation to describe the evolution of the surface tension of an alloy with temperature
[60]:

Yo = Vit k(T —Tp) Eq. (6)

Where y, in mN/m, is the surface tension at liquidus temperature (Tvr); k, in mN/(m.K), is the
temperature coefficient of surface tension; and T is the temperature in Kelvin scale.

Equation (5) implies that the stress required separating the solid-liquid interface decreases with
increasing thickness of the grain boundary liquid film. Accordingly, any factor that reduces the
thickness (h) of the intergranular liquid film, it could presumably reduce the susceptibility of the
alloy to cracking [61]. On the other hand, based on equations (4) and (6), the closer the
temperature is to the liquidus, the lower will be the surface tension. Therefore, reduction in
surface tension decreases the critical size for the formation of a void resulting in increased
formation and coalescence of the voids and cavities. It should be noted, a wvery accurate
calculation would require the determination of the surface tension of the AD730™ alloy which is
out of the scope of the present work.

Ojo et al. [6] and Lin et al. [62] reported that NDT usually occurs at the onset of grain boundary
liguation, so the lower the GB liquation temperature the lower will be the NDT [6, 62].
Generally, any factor that reduces the temperature of grain boundary liquation initiated during
the welding heating cycle, increases material's susceptibility to liquation cracking. In the present
study, it was found that the intergranular carbide particles present in the AD730™ superalloy
decreased the liquation initiation temperature in the material and can be considered as the most
detrimental phase in promoting cracking susceptibility. Similar results have been reported by
Egbewande et al. [61] in IN738 and Montazeri et al. [5] in IN738LC that the melting and
liguation of Cr-Mo rich carbides (or borides) at lower temperatures resulted in the higher
susceptibility to liquation cracking with the effects being intensified by hard carbides such as
MC (Ti, Mo, and Nb-rich) carbides.

The above findings demonstrate that, in addition to the voids and cavities, the formation of
liguated zones at the grain boundaries, has a significant impact on the NDT point. Specifically,
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liguation at the boundaries acts as an accelerating factor for the interconnection of cavities
resulting in faster joining of the wvoids and cavities and the ensuing intergranular fracture.
Evidently, faster damage is expected at higher temperatures due to the increased liquation at the
boundaries and reduced surface tension between the grains.

4. Conclusions

Hot ductility behavior of the nickel base alloy AD730™ was investigated using Gleeble™
thermomechanical simulator. Different heating rates representative of those observed during
linear friction welding were used. The microstructure and fracture surface of the samples were
examined and the possible mechanisms responsible for the loss of ductility were proposed. The
following conclusions can be made from this investigation:

1. The nil strength and nil ductility temperatures of the alloy were determined to be
1290°C and 1234°C, respectively.

2. Variation of heating rates from 5 to 100 °C/s does not have a significant influence on
the NST point. However, this variation changed the size and fraction of voids in the
fracture surface.

3. The failure mechanism at nil strength temperature seems to be mostly controlled by
void nucleation and growth.

4. Liquation within the grain boundaries and the reduction in surface tension at the grain
boundary-matrix interface combined with the presence of Nb and Mo rich MC appear
to be the main mechanisms for ductility loss at the NDT point.

5. The nucleation, growth, and coalescence of cavities and wvoids occur during hot
deformation and the extent of material damage is a function of temperature, applied
stress, and time.
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