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1  Introduction 
The aero engine is a combustion engine which produces thrust power. The schematic of an aircraft 
aero engine where the power generated is converted to thrust is shown in Figure 1 below (1) (2). In the 
jet engine, air is directed through the compressors in the core center of the engine where it is 
compressed and fed into the combustor. The air is mixed with fuel and ignited in the combustor 
converting chemical energy into thermal energy where the hot gases produced is expanded through the 
turbine which in turn produce power that  drives a shaft which drives the compressor. The hot gases 
are further accelerated through the propelling nozzle thereby producing thrust. Thus, this concept 
enables high thrusts to be produced with a remarkable power to weight ratio (2). However, remarkable 
developments of the aero engine where higher efficiency is produced for a giving size of the engine 
have the consequence of requiring very high service temperature, especially of the turbine (1). 

 

 

Figure 1. Schematic for an aircraft aero engine (2). 

 

In order to have an efficient aero engine the turbine inlet temperature is made high (1). Turbines 
operate with inlet temperatures in the range of 1649 °C (2); this temperature is higher than the melting 
point of most materials hence complex cooling techniques are designed to lower the temperature. Still, 
the operating temperature is very high and there is need for materials which can sustain such high 
temperatures. 

As highlighted above, the increase in efficiency of modern aero engines demands higher performance 
requirements of aero engine materials. Generally, metals tend to lose their strength at high 
temperature; hence there is a need to select the proper high temperature materials especially in the 
hottest sections of the gas turbine in the aero engine. Such high temperature demands are usually 
satisfied by superalloys. Superalloy metallurgy is therefore of high interest to aero engine 
manufacturers since this knowledge will enable efficient engines. 

The high demands for temperature capability is contra productive when it comes to manufacturing 
since many difficulties arise not at least at welding of these alloys. It is also common to use both cast 
and wrought forms in various combinations to tailor properties of specific components (3). 

 

1.1 Background 

Volvo Aero develops and manufactures components for aircrafts, gas turbines and rocket engines. 
Business is carried out with world leading aerospace companies by offering specialized products. 
Figure 2 shows the component specialization of Volvo Aero. 
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Figure 2. High by- pass commercial aircraft engine. Source: Volvo aero product manual. 

 

Since Volvo Aero Corporation develops high temperature aero engine components, there is a desire to 
improve and investigate the properties of its components; superalloys are therefore of particular 
interest in this thesis. 

 

1.2 Weldability of Allvac 718Plus and Haynes 282 

Alloy 718 is the standard alloy used in hot structural parts of the aero engine where its welding 
property is highly desirable (3) (4). However, it loses its performance at temperatures beyond 650 °C 
which makes it necessary to investigate the possibility of substituting it with other alloys which offer 
better high temperature performance and comparable weldability (3) (4).  

Allvac 718Plus and Haynes 282 are new types of precipitation hardening nickel-base superalloys that 
could be used in the hot structural part of aero engines because of their superior high temperature 
performance (3). The prospect that these alloys could offer improved high temperature performance 
than the presently used Alloy 718 makes it of interest in the manufacture of the hot structural parts of 
the aero engine (3). So, it will be necessary to investigate the properties of these new alloys in 
comparison to Alloy 718. 

Manufacturing of structural parts involves welding parts of the alloy together to form a large 
component (3); so, knowledge of the weldability of Allvac 718Plus and Haynes 282 is of significance. In 
addition, cracked part of the alloy are often repaired by welding hence an understanding of its 
repairability is of value in this case. 

Studies show that the weldability of Haynes 282 and Allvac 718 Plus exceeds that of most precipitation 
hardening nickel based superalloy. The slow precipitation of the hardening γ’ phase in Haynes 282 is 
linked to lower susceptibility to a particular type of welding defect called strain age cracking (5). The 
susceptibility to strain age cracking is found to be less than that of Waspaloy and R-41 alloy but more 
than 263 alloys, an alloy known to be readily weldable (5). Weldability studies of Allvac 718Plus 
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describe it to be comparable to the highly weldable Alloy 718 and better than that of Waspaloy (6). 
Other studies conclude that Allvac 718Plus alloy is less prone to solidification cracking than Alloy 718 
(7); while the repair weldability of Allvac 718Plus shows to be better than Waspaloy but less than Alloy 
718 (8). 

There are different types of cracking mechanisms of interest in the welding of nickel-base superalloys. 
Hot cracking are characterized by the presence of liquid films in, for example, the grain boundaries of 
the fusion zone or heat affected zone. Andersson et al (3) conducted extensive research on this type of 
cracking mechanism. Another type of cracking mechanism of which precipitation hardening 
superalloys are particularly prone to is strain age cracking which may occur during post weld heat 
treatment (PWHT)  due to the combined effect of stress relief and precipitation. High strains resulting 
from stress relief which occur concomitant as precipitation causes grain boundary failure and 
subsequently strain age cracking (3). Another very important concern is how different homogenization 
heat treatments of cast materials influence weldability.  

 

1.3 Aim of the Thesis 

The background above is the motivation for further investigation of the mechanism of homogenization 
in Allvac 718Plus and Haynes 282. Segregation occurs during solidification in castings where 
homogenization is required to restore the material to a uniform composition (9) (10). Experience with 
Alloy 718 reveals that segregation in the cast material makes it less weldable than the wrought material 
(11). Paulonis et al (4) also highlighted the detrimental effect of Laves phase on weldability in 
inhomogeneous Alloy 718 castings. The paper also attributed segregation as one of the reasons why 
cast Alloy 718 has inferior properties to the wrought form. Andersson et al (11) also confirmed that 
segregation is responsible for the lower strength of cast Alloy 718 as compared with the wrought form. 
Thus, it is of interest to investigate the microstructural evolution of these materials upon 
homogenization heat treatments.  

1.3.1 Objectives 

The main objective of the thesis is to study homogenization of Allvac 718Plus and Haynes 282 
precipitation hardening nickel based superalloys. Tasks to be undertaken include: 

 Determination of the effect of different temperatures and dwell times on homogenization. 

 Usage of the SEM to study the microstructure of the homogenized material. 

 Usage of manual count to quantify the segregating phases during homogenization. 

 Usage of EDS analysis to determine the compositional variation after homogenization. 

 Usage macro Vickers hardness test to determine the variation in hardness due to 

homogenization. 
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2 Precipitation Hardening Superalloys 
There are different mechanisms that contribute to a material’s strength where the most significant 
contributors in present superalloys include; solid solution hardening and precipitation hardening. 

 

2.1 Solid solution Hardening 

The higher hardening that alloys have over that of pure metals is linked to the solid solution hardening 
introduced by solutes in the matrix. In a binary alloy system, a certain composition of the alloy confers 
an optimum strength exceeding the strength of the alloys in their pure forms. This is illustrated 
through the tensile strength presented in Figure 3 of the nickel- copper alloy. It is observed that higher 
nickel content gives higher tensile strength up to a certain composition after which the tensile strength 
drops (10). 

 

 

Figure 3. Solid- solution hardening showing the change in tensile strength for varying composition in 
copper-nickel alloys (10). 

 

Solid solution hardening occurs as a result of entrapment of dislocations caused by strains introduced 
by substitution or interstitial alloying elements where the difference in atomic size between the solvent 
and the solute creates forces of attraction or repulsion to the dislocation; this, consequently, increases 
the strength (10). The greater the atomic size difference, the greater the hardening effect (10). In 
addition higher amount of solute atoms confer higher strengthening as their presence invoke more 
obstruction to dislocation (10). 

 

2.2 Precipitation Hardening 

In precipitation hardening, fine particles dispersed in the matrix act as barrier to dislocation and as 
discussed above, an obstruction to dislocation movement will result in enhanced strengthening. The 
mechanism is illustrated through Figure 4A. Heating the alloy (left portion of the graph) into the 
solution temperature range dissolves the solute or secondary phase as this region has higher solubility 
than in the room temperature. Rapid cooling retains the solute forming a supersaturated solid solution 
which when heated to an intermediate temperature forms the desired hardening precipitates (10). It is 
however of importance that this intermediate temperature is regulated to meet optimum 
strengthening. Figure 4B shows the hardness plot against aging time where T1 results in underaging 
and T4 is overaged (10). The temperatures T2 and T3 are recommended ageing temperatures (10). 
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Figure 4. [A] Precipitation hardening phase diagram. [B] Hardness at different ageing temperatures (10). 

 

The sudden drop in strength in a short ageing time for T4 is as a result of particle coarsening. As seen 
in the above diagram, in particular for T3 and T4, heating at high temperatures or holding for a long 
dwell time results in loss of strength which is associated with particle coarsening and incoherency of 
the precipitate with the matrix. In essence, at higher temperatures or longer aging time, an equilibrium 
phase having larger particles and/or larger distance in between them provides easier movement of 
dislocation hence loss of strength (10). 

As highlighted above, a barrier to dislocation movement will result in hardening. Obstacles to 
dislocation movement will force the dislocation to either cut through the particle or bow round it 
depending on whether the particle is deformable or non-deformable (10).  

Considering this particle hardening mechanism, it follows that certain factors will favor higher 
hardening (10). They include: hard and discontinuous precipitates, small and numerous precipitates, 
round precipitates in preference to needle like, and large amount of precipitates. 

 

A 

B 
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2.3 Nickel Based Superalloys 

In the development of materials with optimal strength and creep properties, suitable elements with the 
desired properties are alloyed in such a way that they confer both solid solution and precipitation 
strengthening. Table 1 discloses the nominal composition in wt % of some nickel based superalloys. 

 

Table 1. Nominal Composition of Gamma –Prime alloys (wt. %) (5) (12). 

Alloy Ni Cr Co Mo Ti Al Fe Mn Si C B Other 

Haynes 282     20 10 8.5 2.1 1.5                 0.06 0.005 - 

Waspaloy     19 13.5 4.3 3 1.5               0.08 0.006 Zr-0.05 

R-41     19 11 10 3.1 1.5              0.09 0.006 - 

263     20 20 6                0.4 0.2 0.06 0.005 Al+Ti-2.6 

Allvac 
718Plus 

a 18.0 9.0 2.80 0.70 1.45 10.0   0.020 0.004 W-1.0, Nb-
5.4 

P-0.007 

718 a 18.1 - 2.90 1.0 0.45 18.0   0.025 0.004 Nb-5.4 P-
0.007 

aAs balance 

*Maximum 

Precipitation hardening mechanism is of high importance in nickel based superalloys wherein the γ’ 
(Ni3Al, Ti) phase is the major contributor; this precipitate is known to strengthen the γ, matrix 
austenite phase (1). Alloys strengthened by this γ’ include Waspaloy, R-41, Haynes 282 and Allvac 718 
Plus. These alloys are known for their high strength and as will be discussed later, the strength is 
dependent on the presence of large amount of the coherent γ’ precipitate. Alloy 718, on the other hand, 
is strengthened by the γ’’ (Ni3Nb) phase which is less coherent hence providing less thermal stability 
and slower precipitation (3); the slow precipitation of this phase is known to influence positively on 
weldability or more specifically susceptibility to strain age cracking. Equilibrium phases such as the η 
and δ phases can transform from the metastable γ’ and γ’’ phases, respectively. The δ phase is 
beneficially utilized to improve stress rupture property and grain size control at high temperatures in 
Alloy 718 (3). 

The effect of alloying elements in superalloys varies. Nickel, cobalt, iron, chromium, molybdenum and 
tungsten tend to be γ phase formers giving the matrix the face centered cubic (FCC) structure which 
provides solid solution strengthening; this strengthening arises because nickel has a strong tendency of 
accommodating alloying elements where the difference in atomic size between it and the alloying 
elements confers solid solution strengthening (1). Aluminum, titanium, niobium, tantalum, and 
hafnium, prefer to form the FCC γ’ phase precipitates which are coherent with the matrix; 
strengthening occurs as a result of the obstruction to dislocation movement imposed by the γ-γ’ 
interaction (1). Films of γ’ phase can also be found in the grain boundaries after heat treatments and 
service exposure thereby improving the rupture properties of the alloy (1). Other alloying elements 
such as boron, carbon and zirconium tend to segregate to the grain boundaries where they sometimes 
confer strength to the grain boundaries. Chromium, molybdenum, tungsten, niobium, tantalum, and 
titanium are well known carbide formers which affect ductility and retain the chemical stability of the 
matrix (1); carbides also provides grain boundary strengthening (3). Three types of carbides commonly 
found; MC, M23C6 and M6C. It is also to be noted that chromium and aluminum, in addition to forming 
strengthening phases, also serve as strong oxide formers, hence, responsible for sustaining the hot 
corrosion resistance (1). 

Undesirable plate like TCP- type phases (topologically close packed) such as σ and μ can also be found; 
these phases occur at long term service or heat treatment and tend to decrease the rupture strength 
and ductility (1).  The σ phase is brittle and has a plate like morphology hence there is high tendency 
for crack initiation and propagation which causes low temperature brittle failure (1). The σ phase also 
depletes solid solution strengthening elements from the γ matrix and facilitates high temperature 
fracture along its plates thereby lowering the elevated temperature rupture strength and reducing 
rupture life (1). 
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2.4 Allvac 718Plus 

In the development of superalloys, the requirement for strength, toughness, fatigue, creep, crack 
growth resistance and processability should be balanced (6). This is quite problematic since many 
types of superalloys with impressive high temperature performance are quite difficult to i.e. weld. An 
example is Waspaloy which has good creep strength up to 750 °C but is not readily weldable (3).  Alloy 
718 is more or less immune to strain age cracking (SAC) and is the preferred alloy in many jet engine 
components mainly because of this property. However, Alloy 718 has the disadvantage of limited high 
temperature performance beyond ~ 650 °C (3) (6). Hence, in spite of its favorable weldability in terms 
of SAC, it loses strength at temperatures exceeding 650 °C which makes it unsuitable for use at and 
above that temperature. 

At temperatures greater than 650 °C other types of alloys are preferred. A relatively newly developed 
alloy which has both high temperature strength at 704 °C and a practical welding characteristic is 
Allvac 718Plus (6). 

Since Allvac 718Plus is a relatively new alloy; there are some characteristics yet to be fully determined. 
A vital area of interest is the determination of the role of homogenization of the cast form of the alloy.  
The homogenization highly affects the weldability of the alloy and is therefore highly important to 
understand. Since cast superalloys are subjected to homogenization heat treatments prior to welding, a 
question is what effect different homogenization treatments have on weld cracks formation. Therefore, 
there is a need for research and development work to gain further knowledge to minimize problems in 
e.g. production of aerospace components. 

A study carried out by Andersson et al (11) investigated homogenization and its influence on the repair 
welding of cast Allvac 718Plus. The experiment involved subjecting Allvac 718Plus to homogenization 
heat treatment temperatures ranging from 1050°C to 1200°C at different dwell times. Weld trials were 
done on some of the homogenization heat treatment samples; the findings showed that the highest 
temperature and longest dwell time did not result in any significant element homogenization although 
the Laves were eliminated. Also, weld repair tests showed that the most homogenized material 
conditions were the most susceptible to cracking. This study clearly established the behavior of 
homogenization and the response to weld crack formation in this alloy, however further investigation 
needs to be conducted to build further confidence in actual mechanisms at homogenization. 

2.4.1 Gamma Prime Phase 

The change of the principal precipitate from γ” to γ’ is the main reason for the improved thermal 
stability and mechanical properties of Allvac 718Plus over Alloy 718 (12). The increase in γ’ content is 
achieved by increasing both Al+Ti contents and the Al/Ti ratio to an optimum performance value of 4 
at% and 4 respectively (12). Thus the chemistry of Allvac 718Plus is such that it impedes the 
degradation of γ’ to δ phase, which in Alloy 718 is featured by γ” transforming to δ phase. 

2.4.2 Other Phases 

Cao (13) conducted differential thermal analysis (DTA), modeling and metallographic studies on Allvac 
718Plus to identify phase transformation temperatures for non-equilibrium solidification as given in 
table 2 below. 

 

Table 2. Phase Transformation Temperature of Allvac 718Plus (13)  

Phase Transformation DTA Modeling Metallography 

Liquidus 1353 1346 - 

MC Eutectic 1292 1261 - 

Solidus 1265 1201 - 

Laves Eutectic 1173 - - 

δ Solvus - 1065 1002-1018 

γ’ Solvus 963 995 954-982 
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2.4.2.1 Delta phase 

The γ’ to δ phase transformation is observed in Allvac 718Plus while γ’’ to δ phase transformation is 
observed in Alloy 718 (3) (13). The δ phase in Alloy 718 is observed to reduce thermal stability but 
details of its effect in Allvac 718Plus is not yet completely established (3) (13). Nevertheless, it is 
identified that the δ phase transformation in Allvac 718Plus is slower than in Alloy 718 which therefore 
confers higher thermal stability (13). 

2.4.2.2 Carbides 

The carbides (MC) strengthen the grain boundaries and also improve creep and rupture strength (3). 
However, continuous chains of carbides have a negative effect on the ductility and rupture life (3). 
Other carbide phases found include the M23C6. 

The effect of other alloying elements on the properties of Allvac 718Plus is summarized in table 3 
below. 

 

Table 3. Effect of alloying elements on Allvac 718Plus (12).  

Element Function 

Nb, Al, Ti Higher strength 

Co Enhanced stress rupture and thermal stability 

Fe Enhanced stress rupture and thermal stability 

Mo+ W Improved mechanical properties and stability 

P Enhanced stress rupture 

B Enhanced stress rupture 

 

2.4.3 Heat Treatments 

The heat treatment for Allvac 718Plus as recommended by ATI Allvac (14) is:  

Solution Treatment: 954 - 982 °C ± 14° C - 1 hr, Air Cool (AC) or faster.  

Aging Treatment: 788 °C ± 6 °C - 8 hrs , Furnace Cool (FC) @ 56 °C / hr or Faster to 704 °C ± 6 °C - 8 
hrs AC. 

The dissolution and precipitation of δ phase is vital to the microstructure of Allvac 718Plus as 
discussed in section 2.4.2.1. Dissolution of δ phase is expected to start at temperatures of ~982 °C; 
where the measured equilibrium content is less than 2 % (14). The precipitation is also considerable 
less at this temperature where it can take 10hrs for precipitation to occur (14). 

2.4.4 Mechanical Properties 

The tensile strength and low cycle fatigue of Allvac 718Plus is found to either match or exceed that of 
Waspaloy (6). The yield strength is found to decrease with increasing Al/Ti ratio (12). 

Small amount of continuous, short, rod shaped δ particles on the majority of grain boundaries have an 
optimal positive effect on the mechanical properties of Allvac 718Plus in contrast to substantial 
transgranular, long needle like δ phase precipitates (13). Still, a certain amount of δ phase is needed to 
improve hot ductility and stress rupture notch sensitivity (13). 

 

2.5 Haynes 282 

Haynes 282 is a precipitation hardening nickel based superalloy that has prospects for use in aero 
engines. This is as a result of the successful combination of creep strength at the temperature range of 
649 °C to 927 °C while still posing good fabricability (5). However, as with cast Allvac 718Plus, the 
homogenization behavior is to be resolved. The findings may serve as input in developing the heat 
treatment schedule for the cast form of Haynes 282 since it is not yet developed. 
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The amount of γ’ phase in Haynes 282 is kept at an optimum level from both creep strength and 
fabricability standpoint which is not faced in other alloys like Waspaloy and Alloy 263. The fabrication 
aspect of a superalloy is equally as important as the high temperature performance and should be 
taken into consideration in the development phase. In γ’ strengthened alloys, the equilibrium amount 
of γ’ phase is critical parameter since a high amount of γ´ is necessary for high creep strength while a 
lower amount is crucial for fabrication (5).  

The chemistry and other properties of Haynes 282 in comparison to Waspaloy, R-41 and Alloy 263, 
based on the work of Pike (5), are described in the following paragraphs. 

2.5.1 Gamma Prime Phase 

 A significant observation in γ’ alloys is that variation in amount of γ’ formers, Al and Ti, yield a 
variation in strength and fabricability among the alloys (5).  An easily fabricable but low strength alloy 
such as Alloy 263 has a low Al and Ti; but Waspaloy has a higher Al and Ti content which therefore 
results in high strength  albeit poor fabricability. Haynes 282 lies in a favorable position and has just 
the proper amount of Al and Ti contents to provide it with adequate strength and fabricability (5). 
Experiments also show that the amount of γ’ correlates to its rate of precipitation; with higher levels of 
γ’ giving faster precipitation (5). 

2.5.2 Other Phases 

There are many uncertainties in terms of what phases that can be found since Haynes 282 is a newly 
developed alloy. It takes time to learn a new alloy. However, the major phases apart from the ones 
already discussed belong to different carbides. 

2.5.2.1 Carbides 

There is some proof provided for the presence of MC and M6C carbides in Haynes 282. The presence of 
M6C explains why such a high solution heat treatment temperature is used since these carbides 
dissolves at ~1135 °C. 

Elements have varying effects on Haynes 282 alloy. Table 4 lists the primary role of the elements 
present in the alloys (5). 

 

Table 4. Primary role of alloying elements in Haynes 282 alloy (5). 

Element  Primary role 

Cr Oxidation and hot corrosion  resistance 

Co  y’ solvus control, high temperature stability 

Mo  creep strength enhancer through carbide formation, solid solution hardener 

C, B Mechanical properties improvement through carbide and boride formation 

Mn, Si Oxidation resistance and castability 

Zr  Grain boundary strengthening  

 

The relatively large size of the Mo atom confers solid solution strengthening which in turn enables 
creep strength in the four alloys (5). Studies carried out on Haynes 282 reveals an increase in creep 
strength with increasing Mo content. Further increase leads to lower creep strength (5). 

2.5.3 Heat Treatments 

The heat treatment is carried out through three steps; solution heat treatment, carbide stabilization 
and ageing heat treatment. 

2.5.3.1 Solution heat treatment 

Solution annealing of Haynes 282 is carried out in the temperature range of 1121°C to 1149 °C with 
rapid cooling to return the material to a soft and ductile condition after processing (5). The solution 
annealing dissolves γ’ precipitates and also carbides present but traces of MC can still be found (5). At 
welding, Andersson et al (15) suggests a pre weld solution heat treatment; a post weld solution heat 
treatment is also essential (16). 
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2.5.3.2 Precipitation heat treatment   

A two stage heat treatment is given at 1010 °C - 2hrs (air cooling (AC)) + 788 °C - 8hrs (AC). The first 
stage treatment is carried out to improve creep strength and high temperature ductility which takes 
place through carbide stabilization. The second stage treatment results in precipitation of finely 
dispersed spherical γ’ precipitates (5). 

2.5.4 Mechanical Properties 

Mechanical properties are of high importance for aerospace applications. Significant research efforts 
take place to unravel any discrepancies and limitations. 

2.5.4.1 Stress rupture 

Haynes 282 is found to have high creep strength, comparable to alloy R-41and a rupture strength that 
exceeds that of Waspaloy (5). 

2.5.4.2 Tensile testing 

At temperatures exceeding 871 °C, Haynes 282 alloy has higher yield strength than Waspaloy but 
slightly lower strength than alloy R-41. The elongation of Haynes 282 tends to be higher than R-41 at 
all temperatures except around the temperature wherein Haynes 282 exhibits an intermediate 
temperature ductility minimum (5). 

2.5.4.3 Low cycle fatigue 

At lower strains, alloys R-41 and Waspaloy reveals a better LCF resistance than Haynes 282 alloy but 
the LCF resistances are similar for all three alloys as well as for alloy 263 at higher total strain ranges. 
Alloy 263 demonstrates the lowest LCF at all total strain ranges. 
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3 Solidification 
A significant area of this study is strongly based on the dendritic solidification process and the element 
partitioning associated with it. The partitioning of elements creates an inhomogeneous microstructure 
and can be understood by studying the solidification process of a melt. 

 

3.1 Solidification Interfaces 

 Three types of solid-liquid interfacial growths can be distinguished during solidification; and the 
growth of the interfaces are governed by the nature of the temperature gradient ahead of the solid-
liquid interface. They are: planar, cellular, and dendritic (17). Planar growth is favored when the 
temperature gradient ahead of the solid-liquid interface is positive whereas dendritic growth occurs 
when there is temperature inversion ahead of the solid liquid interface (17) (18). Temperature 
inversion is also typical of cell growth but of lesser steepness than dendritic growth (10). The 
temperature inversion is a result of either thermal or constitutional supercooling as observed in pure 
metals and alloys respectively (10).  

Thermal supercooling creates a temperature inversion ahead of the solid-liquid interface when there is 
a release of latent heat of fusion into the surrounding liquid; Constitutional supercooling however is 
caused by undercooling effect of the reduction of the liquid melting point as a result of partitioning of 
alloying elements ahead of the solid-liquid front (10). 

 

3.2 Dendritic Growth and Eutectic Solidification 

In thermal or constitutional supercooling any part of the advancing solid-liquid interface that grows 
ahead will dwell in a region of lower liquid temperature causing the protrusion of spikes with branches 
(10). This treelike formation is the characteristic microstructure of dendritic growth where the 
dendrite size usually is measured on the secondary dendritic arm spacing (SDAS). The SDAS is a 
function of solidification time and it is given according to the equation:  

                                                              

 

3.3 Segregation 

Segregation is the non-uniform distribution of alloy constituents. In macro segregation, it occurs that 
the solute concentration in the liquid increases beyond the initial value in the melt as solidification 
progresses. This is because of the lesser solubility of the solute in the solid state than in the liquid state 
which leads to high amount of solute at the end of solidification in contrast to a small amount at the 
beginning of solidification (10) (19). It is this partitioning of solute that leads to a lower melting point 
of the liquid ahead of the solid liquid interface which consequently leads to constitutional supercooling 
as discussed in the previous chapter. 

The partition is defined by:       

                                                             

     is the partition coefficient 

     is the solute fraction by weight in solid  

      is the solute fraction by weight in liquid  

Constitutional supercooling leads to the formation of dendritic growth where segregated constituents 
surround the SDAS, a phenomenon known as microsegregation.  A characteristic appearance of a 
micro segregation is onion like layers called coring and it is as a result of the change in composition 
from the inside to the outside of  the dendrite. The mechanism of micro segregation is described in the 
70 % Ni 30 % Cu alloy in figure 5 (10).  It is seen that the solid to liquid ratio in the non equilibrium 
solidus at each temperature is less than the ratio in the equilibrium solidus. The difference in the solid-
liquid ratio illustrates the effect of micro segregation. The low rate of diffusion of solutes in the solid 
phase limits the redistribution of solute during solidification and is responsible for the non equilibrium 
solidus (19). 
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Figure 5. Ni-Cu phase diagram showing non equilibrium solidification (10). 

 

Scheil’s equation (20) (19) describes the concentration of alloying elements in non equilibrium 
solidification and is given as: 

                                               

   
  

 
                

 

Where 

     is the instant concentration of alloying elements in the liquid.  

     is the concentration of alloying element in the last solidified material.   

    is the initial concentration of alloying element in the liquid  

    is the fraction of solid phase.  

    is the partition constant.  

As discussed previously, the diffusion in the solid phase is low and therefore leads to non equilibrium 
solidification. An assumption in the Scheil’s equation is that the diffusion in the solid state is 
completely neglected. 

The assumption that diffusion in the solid state is completely negligible is however not always valid as 
evident in diffusion of interstitially solved alloying elements (20). Hence the Scheil’s equation ceases to 
be applicable in this case. If we make the assumption that there is high rate of diffusion of the alloying 
element in the solid phase, then an applicable equation is the Lever rule (20) and the equation is given 
by:  

                                                 

   
  

 
 

  

        
 

 

Where 

    is the initial concentration of alloying element in the liquid  
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    is the fraction of solid phase.  

    is the partition constant.  

The lever rule is therefore more appropriate for the case of equilibrium solidification (19). Real 
solidification processes is in between the two extremes of rapid diffusion and no diffusion depending 
on the extent of back diffusion. Back diffusion explains solute redistribution from the liquid to the solid 
phase leading to a more even composition (20). Hence a modified Scheil’s equation is necessary to 
model this phenomenon and is given by: 

 

                                                                    
 

     
   

  

        

 

3.4 Porosity and Shrinkage 

Porosity is the occurrence of pores in a casting which is detrimental to fatigue strength and can also 
lead to loss in other mechanical properties such as tensile strength (17). In gas porosity, atomic 
hydrogen which is readily soluble in the liquid melt at high temperatures is a source of porosity 
because of a reduction in solubility during freezing (17). The presence of inclusion is also a known 
source of porosity in castings (17). 

Porosity is removed in casting by a method known as hot isostatic pressing (HIP). In this process, the 
casting is heated to a high temperature but below the solidus in a pressurized fluid environment in 
order to induce plastic flow and atom/vacancy diffusion in the cast (19). This results in the collapse of 
porous regions. HIP is suitable for castings used in aircraft applications (19). 

Shrinkage occurs when there is a decrease in volume either in the solid state or in the liquid state. In 
solidification shrinkage, there is a volume decrease associated with the transformation from liquid 
state to solid state. 

 

3.5 Investment Casting 

Investment casting is used for various parts found in jet engines, blades and vanes mainly because of 
the high alloying content which introduces difficulties in forging (10). Investment casting is also used 
for structural parts, especially where complex shapes are needed and where strength requirements are 
moderate. In investment casting, the casting is done in a wax pattern that has been coated in ceramic 
slurry. The coating process is followed by stuccoing for fast drying and adhesion.  The wax is 
subsequently fired at 980°C (10). 

 

3.6 Homogenization 

It was discussed in section 4.3 that back diffusion enables the redistribution of solutes in the 
solidifying metal i.e. there is interaction and exchange of alloying elements between the solid and 
liquid phases. Usually, there is still concentration gradient segregation present after complete 
solidification. Back diffusion is therefore carried out to even out the composition completely in the 
solid phase and is termed homogenization (20). Thus, homogenization is done to level out segregation 
or to form a uniform composition (19).  Factors influencing homogenization include: temperature, 
SDAS, diffusivity of solutes, dissolution rate, thermal history of the casting etc. (19). Several diffusion 
related phenomenon can occur in conjunction with homogenization. They are: grain coarsening, 
precipitation of supersaturated elements, dissolution of unstable phases or precipitates, 
coarsening/spheroidization of stable intermetallic phases, surface oxidation, hydrogen degassing, and 
pore generation and agglomeration (19). Generally, homogenization tends to improve the workability 
and the mechanical properties of alloys (19). Other advantages include corrosion resistance, increased 
ductility and uniform precipitation during ageing (19). 

 Micro segregation effects generate contrast in an etched surface which can be observed in either an 
optical microscope or scanning electron microscope (SEM). The microstructure of a segregated alloy 
can be quantitatively investigated, thereby determining the extent of homogenization, by using a 
combination of a SEM and energy -dispersive x-ray spectroscope (EDS) (19). 
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3.6.1 Index of Residual Micro Segregation δ 

The parameter δ is used to measure micro segregation (9). 

                                               

  
     

  
    

 
 

 

   = maximum solute concentration of element i (in interdendritic spaces) at time t 

   = minimum solute concentration of element i (in interdendritic spaces) at time t 

   
 = maximum initial solute concentration of element i 

   
 =minimum initial solute concentration of element i 

The calculation of the time and temperature for homogenization in term of the dendrite arm spacing is 
given by the equation: 

                                               

            
   

 

Where   = one half of the dendrite arm spacing 

D = diffusivity of the solute element in m/s 

T = temperature in K 

3.6.2 Homogenization of Precipitation Hardening Nickel Based Superalloys 

Homogenization of precipitation hardening Ni based superalloys such as the ones mentioned in this 
thesis is crucially important both for mechanical properties as well as for process ability i.e. welding. 

3.6.2.1 Alloy 718  

Nb is the main segregating element in Alloy 718 and is of high concentration in the last solidifying melt 
(11); therefore its re-distribution is used to track the extent of homogenization.  

Miao et al investigated the effect of two stage homogenization on IN 718 (Alloy 718) where the 1st stage 
homogenization is meant to remove the Laves phase and the second stage is meant to complete the 
homogenization of some elements that are still segregated between the dendrites after the first stage 
homogenization (21). Hence, the two stage homogenization resulted in effective diffusion of Nb where 
the composition of Nb was seen to be uniformly distributed after the two stage homogenization as 
compared to the as cast alloy. 

3.6.2.2 Allvac 718Plus 

Similar to Alloy 718, Nb is also the main segregating constituent in the eutectic phase in Allvac 718 Plus 
(11). A study revealed that Nb, Al and Ti where found in the interdendritic area while Co, Cr and Fe 
concentrated in the dendritic core. The result of homogenization showed that the eutectic constituents 
where effectively dissolved with increasing temperature and dwell time. Also to note is the interaction 
between the Laves eutectic and the δ phase. Similar to the Laves phase, Nb is also a main constituent 
in the δ phase, and the dissolution of this δ phase will lead to an initial growth of the Laves phase after 
which it can be homogenized (11). 

3.6.2.3 Haynes 282 

Haynes 282 does not currently exist commercially in the cast form. There is therefore limited amount 
of information on how its behavior is during homogenization and a driver for the present investigation. 
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4 Experimental 
The materials used in the present investigation were investment cast staircase plates having three 
different thicknesses (5, 10, and 15 mm). These plates were cut into small pieces (~5 x 5 x 5 mm) which 
were used for heat treatment trials and hardness measurements. 

 

4.1 Materials 

The composition of the cast Allvac 718Plus and Haynes 282 used in the study is given in table 5. 

            

Table 5. The chemical composition in wt. % of Allvac 718Plus and Haynes 282. 

Element Allvac 718 Plus (wt. %) Haynes 282 (wt. %) 

Ni Bal Bal 

Cr 17.86 19.63 

Fe 9.59 0.35 

Co 8.97 10.35 

Mo 2.70 8.56 

Al 1.49 1.41 

Ti 0.76 2.21 

Nb 5.49 - 

C 0.024 0.068 

P - 0.002 

B 0.004 0.004 

Mn - 0.08 

S - 0.02 

W 0.99 - 

 

4.2 Heat Treatment 

Homogenization heat treatments were carried out on as cast Haynes 282 and Allvac 718Plus at 
different soak temperatures and dwell times according to table 6. For each heat treatment, two samples 
(approximately 5 by 5 by 5 mm) cut from the thick, medium and thin sections of a staircase piece, 
respectively, were placed in the furnace simultaneously and quenched in water after treatment. One of 
the samples from each section was subsequently aged at 788 °C for 8 hours. 

Table 6. Homogenization temperatures and dwell times. 

Temperature (°C)     

1050 1hr 5hrs 10hrs 15hrs 

1100 1hr 5hrs 10hrs 15hrs 

1150 1hr 5hrs 10hrs 15hrs 

1200 1hr 5hrs 10hrs 15hrs 

 

 

4.3 Metallographic Procedures 

The following procedures were carried out for the metallographic preparations: 
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 Mounting of the samples were done in conductive bakelite using Buehler mounting press at 

280 bars and at temperature of 180°C for 8min followed by cooling for 4 min. 

 Grinding with water cooling for 90 s using 80, 120, 220,600,800 and 1000 grit/inch papers. 

 Polishing on Dur-cloth together with 9µm and 3µm size diamond particles, respectively, for 

180s. 

 Electrolytic etching using oxalic acid at 2-5V. 

 

4.4 Metallographic Evaluation 

Both metallographic investigations through microscopic investigations and hardness measurements 
have been used to qualify and quantify the effect of different heat treatments on homogenization. 

4.4.1 Scanning Electron Microscopy 

The TM 3000 table top SEM which collects back scattered electron images was used in this 
experiment. This microscope was used to produce microstructural images of the samples at different 
magnification in the COMPO mode. Thus; different regions in the microstructure produced a level of 
brightness depending on the chemical composition (atomic weight) of that region. This, therefore, 
enabled the possibility of identifying non uniformity in the composition as a result of segregation and 
also the progress of homogenization. Homogenization maps were produced using the images from the 
SEM. 

4.4.2 Electron Diffraction Spectroscopy Analysis 

Quantax 70 system connected to TM3000 was used for the EDS analysis and it was calibrated against 
copper. The analysis was performed on acquired back scattered electron (BSE) images from the SEM. 

Line scan was done across a number of SDAS in order to detect the concentration profile of certain 
elements in both the dendritic core and the interdendritic areas. The presence of high concentration of 
a certain element in the interdendritic area relative to the dendrite core would possibly imply that such 
element was segregating. Area element mapping was also done to identify the distribution of the 
segregating elements in a representative area. 

4.4.3 Manual Counting 

The SEM images at 200x magnification were printed on size A4 papers. Five images were printed for 
every thick, intermediate and thin sample for each heat treatment condition.  26 x 18 square grid 
system was drawn at line intersections of approximately 40 µm on a transparent paper and then placed 
on each image. The segregating phases intersecting the corners of the square were then counted giving 
an indication of the area fraction of these phases. The objective was to see whether there could be a 
pattern in the number of the counted segregating phases as different homogenization treatments are 
applied. 

4.4.4 Hardness Testing 

Macro Vickers hardness tests using 10 kgf were done on the aged samples for each heat treatment 
condition. Three indentations were made for each specific sample and the average hardness Vickers 
was determined. The aim of the hardness test was to investigate whether homogenization would result 
in an increased hardness which presumable would be associated with release of γ’ phase. 
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5 RESULTS 
All results from the microstructural characterization, hardness Vickers testing and manual point count 
have been collected for each specific material and are presented below. 

 

5.1 Allvac 718Plus 

5.1.1 Microstructural Characterization 

Figure 6 shows how the homogenization takes place in Allvac 718Plus at different soak temperatures 
and dwell times.  

 

 

Figure 6. Homogenization map of Allvac 718Plus at 200x magnification. 

 

A comparison in between the as cast and the heat treatment carried out at 1150 °C for 10 hours is 
shown in figure 7. 

 

Figure 7. Microstructure of cast Allvac 718Plus in the as cast and heat treated conditions. 

 

In figure 8, the microstructure for the heat treatment temperature of 1050 °C for 1 hour is presented. 

 

As cast 

500 µm 
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Figure 8. Microstructure of cast Allvac 718Plus as heat treated at 1050 °C for 1 hour. 

 

In figure 9, a high magnification microstructural evolution map of the homogenization process in as 
cast Allvac 718Plus is presented.  

 

 

Figure 9. Homogenization map of the microstructural evolution in cast Allvac 718Plus at 1800x 
magnification. 

 

The micrograph in figure 10 reveals the homogenization heat treatment temperatures for 5 and 10 
hours, respectively. 

As cast 

50 µm 
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Figure 10. Microstructure evolution of cast Allvac 718Plus at 5 and 10hrs of dwell time. 

 

Figure 11 shows the microstructure at different magnifications and heat treatments conditions at 5 
hours of dwell time. 

 

 

Figure 11. Microstructure evolution at different magnifications and heat treatments conditions at 5hrs of 
dwell time. 
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5.1.2 EDS Analysis 

Figure 12 and 13 shows a line scan across SDAS of a cast Allvac 718Plus sample treated at 1050°C-15 
hours. 

 

 

Figure 12. A SEM-EDS line scan across SDAS in cast Allvac 718Plus treated at 1050°C-15hrs. 

 

 

Figure 13. EDS pattern across a SDAS in cast Allvac 718Plus treated at 1050°C-15hrs. 

 

An area mapping in Figure 14 illustrates the varying concentration of Niobium. The difference in the 
intensity of the red colour is related to the varying concentration of Niobium. 

 

 

Figure 14. EDS line scan and mapping showing Niobium segregation in Allvac 718 Plus treated at 1050°C-
15hrs. 
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5.1.3 Manual Counting 

Table 7 reveals the manual count result of cast Allvac 718Plus. The counts in percentage for each 
section indicate the mean value of the number of hits for five different micrographs divided by the total 
number of grid points.  This value gives an indication of the area fraction of the counted phases. The 
standard deviation is given for each count in percentage. The mean count % gives a mean value of the 
count % when all the sections are added together. i.e.; there is no distinction between the thick, 
intermediate and thin sections. 

 

  Table 7. Manual point count result of Laves phase in cast Allvac 718Plus. SD is the standard deviation of 
the data. 

Cast Allvac 718Plus 

Thick Medium Thin All sections 

Counts, 
% 

SD 
Counts, 

% 
SD 

Counts, 
% 

SD 
Mean 

Counts, % 

As cast 3,3 0,6 2,5 0,9 1,6 0,3 2,5 

1050°C-1hr 4,5 0,6 2,4 1,0 1,0 0,5 2,6 

1050°C-5hrs 3,2 0,4 1,5 0,6 1,5 0,8 2,1 

1050°C-10hrs 3,7 0,6 2,3 1,2 1,8 0,4 2,6 

1050°C-15hrs 4,4 0,3 2,3 0,6 1,1 0,5 2,6 

1100°C-1hr 4,2 0,4 2,0 0,6 1,9 0,6 2,7 

1100°C-5hrs 3,2 0,9 4,3 1,0 1,0 0,7 2,8 

1100°C-10hr 1,2 0,5 0,4 0,3 0,5 0,6 0,7 

1100°C-15hrs 1,0 0,4 0,2 0,1 0,3 0,3 0,5 

1150°C-1hr 1,5 0,2 0,8 0,6 0,8 0,2 1,0 

1150°C-5hrs 0,3 0,2 0,1 0,1 0,2 0,3 0,2 

1150°C-10hrs 0,3 0,2 0,5 0,3 0,1 0,1 0,3 

1150°C-15hrs 0,4 0,2 0,2 0,2 0,2 0,2 0,3 

1200°C-1hr 2,4 0,9 0,6 0,7 0,4 0,4 1,1 

1200°C-5hrs 0,1 0,1 0,3 0,4 0,0 0,1 0,1 

1200°C-10hrs 0,1 0,2 0,1 0,2 0,4 0,3 0,2 

1200°C-15hrs 0,1 0,1 0,1 0,1 0,1 0,1 0,1 

 

Figure 15 show constant dwell times plots of Laves count at different temperatures.  
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Figure 15. Plots of Laves count at different temperatures 
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5.1.4 Hardness Test 

The macro Vickers hardness results of cast Allvac 718Plus is shown in table 8 below. 

 

Table 8. Macro Vickers hardness test results of cast Allvac 718Plus at different soak temperatures and 
dwell times. 

Cast Allvac 718Plus 

Thick 
section 

Intermediate 
section 

Thin section 

HV SD HV SD HV SD 

As cast 352 11 363 15 367 14 

1050 °C - 1hr 398 4 420 34 400 7 

1050 °C - 5hrs 385 12 385 8 395 6 

1050 °C - 10hr 387 13 403 10 394 14 

1050 °C - 15hrs 401 5 397 37 391 7 

1100 °C - 1hr 385 3 403 34 394 9 

1100 °C - 5hrs 406 11 380 5 404 12 

1100 °C - 10hrs 409 29 411 19 412 4 

1100 °C - 15hrs 417 10 399 18 425 17 

1150°C-1hr 405 4 399 37 403 4 

1150°C-5hrs 384 15 402 13 410 9 

1150°C-10hrs 411 7 407 4 451 18 

1150°C-15hrs 403 20 388 19 421 7 

1200 °C - 1hr 402 45 393 8 408 11 

1200 °C - 5hrs 398 16 390 10 406 3 

1200 °C - 10hrs 399 4 403 10 398 14 

1200 °C - 15hrs 363 39 396 24 379 3 
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5.2 Haynes 282 

5.2.1 Microstructural Characterization 

The microstructural evolution map upon homogenization is shown in figure 16. 

 

 

Figure 16. Microstructural evolution map upon homogenization of cast Haynes 282 at 200x magnification. 

 

At higher magnification, figure 17 and 18, the segregation pattern is revealed more clearly. 

 

 

 

 

As cast 

500 µm 
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Figure 17. Microstructural evolution map upon homogenization of cast Haynes 282 at 1800x 
magnification. 

 

 

Figure 18. Microstructural evolution upon homogenization of cast Haynes 282 at 5 hours of dwell time. 

As cast 

50 µm 
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5.2.2 EDS Analysis 

Figure 19 and 20 shows a line scan drawn across several SDAS in as cast Haynes 282 treated at 
1100°C-15hrs. 

 

 

Figure 19. EDS line scan across SDAS in cast Haynes 282 treated at1100°C-15hrs  . 

 

 

Figure 20. EDS line scan pattern across SDAS in cast Haynes 282 treated at 1100°C-15hrs. 

 

An EDS area map is shown in figure 21. Green color represents Ni whereas Mo is represented by red 
color. Yellow color indicates a fairly equal match in respect of Ni and Mo content. 

 

Figure 21. EDS area map showing the Mo segregation in cast Haynes 282 . 
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5.2.3 Manual Counting 

Table 9 includes manual point count of the white phase (count, %). 

 

Table 9. Manual count for the segregating white phase in cast Haynes 282. 

Cast Haynes 282 

Thick  Medium  Thin  All sections 

Count, 
% 

SD 
Count, 

% 
SD 

Count, 
% 

SD 
Mean Count, 

% 

As cast 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

1050°C-1hr 0,7 0,4 0,6 0,2 0,1 0,1 0,5 

1050°C-5hrs 1,7 0,2 1,6 0,6 0,8 0,4 1,4 

1050°C-10hrs 2,1 0,7 1,0 0,4 0,5 0,2 1,2 

1050°C-15hrs 2,9 0,8 1,5 0,2 0,8 0,3 1,7 

1100°C-1hr 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

1100°C-5hrs 1,0 0,3 1,0 0,5 0,6 0,3 0,9 

1100°C-10hrs 0,9 0,4 1,2 0,3 0,5 0,4 0,9 

1100°C-15hrs 0,9 0,3 1,5 0,4 0,1 0,1 0,8 

1150°C-1hr 0,3 0,1 0,3 0,2 0,1 0,1 0,2 

1150°C-5hrs 0,2 0,1 0,2 0,2 0,0 0,0 0,1 

1150°C-10hrs 1,1 0,6 0,3 0,1 0,0 0,1 0,5 

1150°C-15hrs 0,0 0,1 0,1 0,1 0,0 0,0 0,0 

1200°C-1hr 0,1 0,1 0,1 0,1 0,0 0,0 0,0 

1200°C-5hrs 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

1200°C-10hrs 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

1200°C-15hrs 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
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Table 10 includes manual point count of the grey phase (count, %). 

 

Table 10. Manual count for the grey phase in cast Haynes 282. 

Cast Haynes 282 

Thick  Medium  Thin  All sections 

Count, 
% 

SD 
Count, 

% 
SD 

Count, 
% 

SD 
Mean count, 

% 

As cast 0 0 0 0 0 0 0 

1050°C-1hr 0,7 0,4 0,7 0,4 0,8 0,2 0,7 

1050°C-5hrs 1,3 0,3 1,1 0,3 0,9 0,2 1,1 

1050°C-10hr 1,5 0,4 0,9 0,3 0,9 0,4 1,1 

1050°C-15hrs 0,7 0,2 0,8 0,2 0,5 0,2 0,7 

1100°C-1hr 0,4 0,2 0,1 0,1 0,3 0,2 0,3 

1100°C-5hrs 0,8 0,5 0,8 0,2 0,8 0,2 0,8 

1100°C-10hrs 0,2 0,2 0,3 0,2 0,5 0,4 0,3 

1100°C-15hrs 1,1 0,3 0,8 0,3 0,2 0,3 0,7 

1150°C-1hr 0,2 0,1 0,4 0,4 0,3 0,2 0,3 

1150°C-5hrs 1,9 0,2 2,3 0,3 1,1 0,2 1,8 

1150°C-10hrs 1,0 0,3 0,3 0,1 0,1 0,1 0,5 

1150°C-15hrs 0,9 0,2 0,7 0,5 0,9 0,4 0,8 

1200°C-1hr 0,4 0,1 0,6 0,2 0,3 0,3 0,5 

1200°C-5hrs 0,3 0,2 0,3 0,2 0,5 0,2 0,4 

1200°C-10hrs 0,3 0,3 0,1 0,2 0,1 0,2 0,2 

1200°C-15hrs 0,3 0,4 0,4 0,3 0,1 0,1 0,3 
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Table 11 reveals both the white and grey phase manual point count. 

 

Table 11. Manual point count for both the white and grey phases in cast Haynes 282. 

Cast Haynes 282 

Thick Medium Thin All sections 

Count, 
% 

SD 
Count, 

% 
SD 

Count, 
% 

SD 
Mean count, 

% 

As cast 0,0 0,0 0,0 0,0 0,0 0,0 0,0 

1050°C-1hr 1,4 0,8 1,3 0,6 0,9 0,3 1,2 

1050°C-5hrs 3,0 0,6 2,7 0,9 1,7 0,6 2,5 

1050°C-10hrs 3,6 1,1 1,9 0,7 1,4 0,6 2,3 

1050°C-15hrs 3,7 1,1 2,3 0,4 1,3 0,5 2,4 

1100°C-1hr 0,4 0,3 0,1 0,1 0,3 0,2 0,3 

1100°C-5hrs 1,8 0,9 1,8 0,7 1,4 0,4 1,7 

1100°C-10hrs 1,1 0,6 1,5 0,5 1,0 0,8 1,2 

1100°C-15hrs 1,9 0,6 2,3 0,8 0,3 0,4 1,5 

1150°C-1hr 0,5 0,2 0,7 0,7 0,4 0,3 0,5 

1150°C-5hrs 2,1 0,4 2,5 0,5 1,1 0,2 1,9 

1150°C-10hrs 2,2 1,0 0,7 0,2 0,1 0,2 1,0 

1150°C-15hrs 0,9 0,3 0,7 0,6 0,9 0,4 0,9 

1200°C-1hr 0,5 0,1 0,7 0,3 0,3 0,3 0,5 

1200°C-5hrs 0,3 0,2 0,3 0,2 0,5 0,2 0,4 

1200°C-10hrs 0,3 0,3 0,1 0,2 0,1 0,2 0,2 

1200°C-15hrs 0,3 0,4 0,4 0,3 0,1 0,1 0,3 
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5.2.4 Hardness Test 

The macro Vickers hardness test results is presented in table 12 below. 

  

Table 12. Macro Vickers hardness test results for Haynes 282. 

Cast Haynes 282 
Thick section Intermediate section Thin section 

HV SD HV SD HV SD 

As cast 297 1 305 14 314 1 

1050 °C - 1hr 305 8 296 3 308 7 

1050 °C - 5hrs 297 4 306 10 303 10 

1050 °C - 10hrs 301 7 308 10 315 10 

1050 °C - 15hrs 316 5 303 15 322 4 

1100 °C - 1hr 289 14 317 2 281 10 

1100 °C - 5hrs 294 5 307 6 297 15 

1100 °C - 10hrs 282 14 280 16 300 12 

1100 °C - 15hrs 304 4 303 13 302 6 

1150 °C - 1hr 311 5 321 4 302 5 

1150 °C - 5hrs 290 6 305 11 313 7 

1150 °C - 10hrs 304 7 293 12 329 3 

1150 °C - 15hrs 319 1 307 15 333 7 

1200 °C - 1hr 332 12 328 13 359 9 

1200 °C - 5hrs 349 6 328 19 353 15 

1200 °C - 10hrs 344 2 333 9 338 19 

1200 °C - 15hrs 348 8 356 5 350 14 
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6 Discussion 
The discussion part is divided into two parts; the first one deals with Allvac 718Plus and the second one 
with Haynes 282. 

 

6.1 Allvac 718Plus 

In cast Allvac 718Plus of figure 6, a dendritic pattern is clearly visualized in the as cast material. It can 
also be visualized that interdendritic constituents disappears as both temperature and dwell time is 
increased. The lowest temperature and time where there seems to be substantial reduction in the 
dendritic pattern is at 1150 °C for 10 hours. The difference in the dendritic pattern is clearly observable 
in figure 7 where the heat treated sample at 1150 °C at 10 hours lacked the dendritic structure found in 
the as cast material. 

Interestingly, the Laves phase is surrounded by a plate like phase, presumably to be δ phase, as seen in 
figure 8. In figure 9, it is seen that the plate like structure surrounding the Laves phase seems to be 
present at lower temperatures and dwell times whereas it disappear at higher temperatures (1100 °C) 
and longer dwell times. The disappearance is clearly seen in figure 10-11. In figure 12 - 14, the 
concentration of Niobium is observed to be substantially higher in the interdendritic region than in the 
dendritic core. 

Andersson et al, proposed a hypothesis of a possible uphill diffusion of Nb from the δ phase to the 
Laves phase [11] which was based on estimated increase in amount of Laves phase at initial stage of 
homogenization. However, as seen in figure 15, it is only seen for a few conditions in the present study 
and need to be further explored through additional point counting and statistical analyses. One option 
would be to include the data from the previous mentioned study to strengthen the confidence. By 
comparing the manual point count of the different sections it can be concluded that thicker sections 
possess more amount of Laves phase. This makes sense from solidification point of view where smaller 
SDAS due to greater supercooling provide larger area for distribution of eutectic constituents. As 
observed in table 7, at every temperature for each section, the patterns tend towards a decrease in 
amount of Laves phase as the dwell time increases. This pattern however is not noticed for the 
temperature at 1050 °C. The overall observation of the manual point count is that it reveals a pattern 
towards decrease in the amount of Laves phase, starting at 1100 °C, with increase in temperature and 
dwell time which is not very surprising. 

As indicated by the macro Vickers hardness values of table 8, there is an initial increase in hardness 
after the first stage of homogenization whereupon no further increase in hardness takes place at 
extended dwell times or increased soak temperatures. This is in agreement with a previous study (11). 
The reason why no further increase in hardness is observed can at this stage only be speculated about. 
It is definitely so, that a fairly fast short range diffusion of Nb takes place upon homogenization which 
presumably stands for the initial hardness increase. One reason for fast short range diffusion is that 
there is initially a strong driving force for diffusion due to very high compositional differences between 
dendrite core and interdendritic regimes because of the non-equilibrium solidification process upon 
casting. Once the short range diffusion has taken place, the initial driving force drops and long range 
diffusion takes place which requires very long time. Another important aspect is the dissolution of the 
plate like phase. 

 

 

6.2 Haynes 282 

Haynes 282 is definitely less segregated as compared to Allvac 718Plus. Looking closely enough to 
figure 16 it is possible to see that there are segregating phases and that homogenization improves at 
higher temperature and time. Figure 17 and 18 reveal the segregation pattern more clearly which 
consists of white and grey phases. It is not known what phases these are but the results shown in figure 
19-21 disclose that the Mo concentration in the segregating phases is higher relative to the dendritic 
core. So, instead of Nb in Allvac 718Plus it seems like Mo is the key segregating element to focus on in 
homogenizing Haynes 282. Since two different interdendritic phase constituents where present it was 
decided to include both of them in the manual point count. The manual point count included in table 9 
shows the results for the so called white phase which tend to increase for the first four heat treatment 
conditions followed by a significant drop to zero at 1100 °C for 1 hour heat treatment. The manual 
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point count is generally observed to be low and the values tend to zero for the last six heat treatment 
conditions. It should be noticed that the as cast sample did reveal neither any white nor any grey phase 
which seemed to be very confusing. This would need some additional attention to verify but was not 
carried out due to lack of time. Considering the grey phase, table 10, it does not appear to increase at 
the first stages of homogenization (disregarding the as cast condition) as for the white phase. However, 
at a soak temperature of 1100 °C it seems like the grey phase starts to dissolve. Table 11 shows the 
manual point count of both the white and the grey phases. At first stage of homogenization a slight 
indication of increase in amount of phase looks to take place followed by a decrease at 1100 °C. 

The macro Vickers hardness test results presented in table 12 does not follow the same pattern as for 
Allvac 718Plus. There is no initial increase in hardness as seen for Allvac 718Plus. However, there is a 
significant hardness increase at the highest soak temperature which does not coincide with the drop in 
amount of interdentritic phases at soak temperature of 1100 °C (table 11). But it should be emphasized 
that the highest hardness values coincide with the most homogenized conditions (lowest phase 
amount) in table 12. It is not clear what mechanisms that are governing this behavior. There are other 
kinds of carbides together with significant amount of Mo in Haynes 282 which presumably will change 
the stability and behavior of i.e. the γ’ phase. One hypothesis for the hardness increase at 1200 °C 
might be dissociation of MC carbides to γ’ and M23C6 phases at the very high temperature. This might 
explain why the hardness increase is not directly linked to the drop in interdendritic phase’s amount. It 
should also be emphasized that Mo which was found to segregate heavily in Haynes 282 is not directly 
linked to the strengthening phase as Nb is in Allvac 718Plus. More sophisticated characterization 
techniques need to be used in further exploration. 
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7 Conclusions 
The following conclusions for Allvac 718Plus are made from the present study: 

 No reduction of Laves phase is observed until 1100 °C for 10 hours which is based on manual 

point count. 

 The plate like structure surrounding the Laves phase disappears at ~1100 °C. 

 The concentration of Niobium is observed to be substantially higher in the interdendritic 

region than in the dendritic core.  

 Thicker sections possess more amount of Laves phase. 

 There is an initial increase in hardness after the first stage of homogenization whereupon no 

further increase in hardness takes place at extended dwell times or increased soak 

temperatures. 

The following conclusions for Haynes 282 are made from the present study: 

 Haynes 282 is less segregated in comparison with Allvac 718Plus. 

 Mo is the main segregating element. 

 The segregation consists of white and grey phase constituents. 

 The white phase tend to increase for the first four heat treatment conditions (1050 °C - 1, 5, 10, 

and 15 hrs) followed by a significant drop at 1100 °C for 1 hour heat treatment. 

 The grey phase does not appear to increase at the first stages of homogenization as for the 

white phase. 

o The grey phase starts to dissolve at a soak temperature of 1100 °C. 

 The white and the grey phases combined have a slight increase in amount of phase at first 

stage of homogenization followed by a decrease at 1100 °C. 

 The macro Vickers hardness test results does not follow the same pattern as for Allvac 718Plus. 

o There is a significant hardness increase at the highest soak temperature at 1200 °C. 
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