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Abstract- In this study, the effects of welding process on microstructure and material properties were investigated. In the 
aircraft engine maintenance process, the welding process is frequently applied to nickel-based superalloys. Following the 
showing of basic mechanical and physical properties of Inconel 718, the types of cracks occurring in the material due to the 
high thermal cycle during the process were explained and effects of post welding microstructures such as δ and MxCy phases 
to the mechanical behavior were also analyzed in detail. In the last section, the treatments that can be performed in the 
direction of this results for the recovery of material properties were examined. 
 
Index terms- Superalloys, Welding Microstructure, Gas Turbine, High Temperature Strength 
 
I. INTRODUCTION 
 
Nickel based superalloys capable of serving at about 
0.6 (0.6 Tm) of melting temperatures are of special 
importance as materials used in aircraft gas turbine 
engines. The highlights of these materials are high 
temperature resistance and high fatigue resistance in 
corrosive environments. We can summarize some 
important situations that have influenced the 
formation of modern alloys as follows; Alloying 
additions cause the instability of the precipitation 
phase which occurs due to the gradual formation of 
topologically closed packed (TCP) compounds. Alloy 
becomes brittle due to the fact that TCP phases 
usually become needle-shaped at grain boundaries 
during service. However, as the strengthening 
elements are added, the resulting ductility of the alloy 
decreases.  This is best observed in turbine blades and 
fastening elements between 650oC and 760oC. As it 
can be seen in the Table.1, the alloying elements 
added to increase the material’s strength decrease the 
ductility, causing the strength over 650oC to fall even 
though they are good at room temperature and 
average temperatures. Reduction of ductility also 
causes cracking of the turbine blades in a reduced 
amount of deformation during casting and/or heat 
treatment of the turbine blades [1]-[4]. 
 
Table 1:Tensile strengths of some alloys used in jet motors [1] 

 
 
Unlike the superalloys that are equivalent to Inconel 
718, the presence of the γ'-(Ni3Nb) phase in the 
foreground is dominant. This phase is the structure 
that gives the material its original strength. Inconel 
718 is one of the most preferred structural materials 

in the aviation industry due to its high 
manufacturability and good weldability, combined 
with a very good tensile strength due to its γ'' 
structure, although it is not as thermally capacitive as 
γ' based alloys [5]. Inconel 718 is generally welded 
using additional metal in industrial applications and is 
heat treated after welding.In addition, the aircraft 
engine maintenance processes are carried out without 
additional metal. Inconel 718 is a good material in 
terms of resistance to residual stress cracks after 
welding and weldability [6].Precipitation hardenable 
nickel-based alloys are normally cracked after 
welding due to deformation aging. Inconel 718 is 
particularly exposed to heat affected zone (HAZ) 
cracks, which are initiated by large particles. A 
microcrack is mainly intergranular decomposition in 
the HAZ. It can occur in any welding process and in 
any Nb-Ni-containing alloy [7].The tendency to 
microcrack formation in the HAZ during welding was 
found to be due to a liquid fascia formed between the 
granules in the HAZ during welding.  
The inter-granular fluid does not tend to self-hot-
crack as long as it does not diffuse harmfully [8].This 
reveals the fact that for microcracked situations the 
wetting angle is slightly greater than zero and zero for 
microcracked situations. Nickel and Ni-Fe based 
alloys can be welded with MAG, TIG, Electron 
Beam, Laser and PA techniques. When additional 
metal is used, other elements not included in the 
material composition are also included in the 
structure, this increases the possibility of failure. In 
this case, austenitic alloys are used, which are the 
most auspicious of ductile and hot tearing [9]. 
 
II. WELDING MICROSTRUCTURE AND 
MECHANICAL BEHAVIOR 
 
In addition to microstructural similarities between 
casting and welding processes, some significant 
points like high temperature gradient in molten metal 
zone and dynamic structure of welding methods 
exposed that  post weld microstructure is directly 
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related to the welding speed. The area immediately 
adjacent to the weld pool is subjected to rapid heat 
treatment cycle so different microstructures are 
formed as a result of the process. These subsequent 
microstructures cause the strength/hardness properties 
and fatigue/creep behavior of the weld zones to vary. 
The planar morphology at the beginning of the 
welding process transforms into a porous form due to 
structural overcooling. In the welding zone, the 
formation of new rod-like particles starts parallel and 
opposite to the heat flow.Rod-like structures become 
more prominent as the grain size increases and the 
yield strength decreases. This cellular structure is not 
stable, when the temperature gradient is lowered, the 
stability of the walls of the initially formed rod-like 
cells deteriorates and secondary / tertiary structures 
start to form. The structure is called dendritic 
structure and appears during the cooling of the weld. 

 
Figure 1:  SEM image of TIG weldedInconel 718 [10] 

 
As it seems in Figure.1 as the application of the 
welding continues, the heat flux from the torch causes 
the temperature of the material to rise so that welding 
penetration in regions where processing completed 
also increases. Since the weld is initiated from zone 
A, microstructure of zone B is more dendritic than 
zone A.It can be seen clearly in Figure.1 that the heat 
affected zone is more significant and the whole weld 
area is larger[10]-[11]. The base metal immediately 
adjacent to the melting zone passes through a high-
rate heat cycle without melting.As a result, the 
microstructure and properties in the heat-affected 
zone (HAZ) change undesirably. The basic changes 
in the microstructure are recrystallization and grain 
growth. As seen in Figure.2, Inconel 718 welds have 
two different heat affected zones, coarse and fine 
grained. Grain growth in the fine grained zone 
doesn’t occur due to the separation of grain 
boundaries and the subsequent transformation of 
particles into needles. In the coarse grain zone, grain 
growth is possible as the temperature is lower. When 
the HAZ is divided into different sub-zones, the 
number of zones to be formed depends on the 
material being welded, each sub-zone has a different 
microstructure. The highest temperature around the 
melting zone is the point where solid and liquid 
phases join. This new region is referred as the 

partially melted zone.  In nickel-based alloys, HAZ is 
the most suitable region for welding failures, this is 
the reason why the small grained zone is called HAZ 
is that grain boundaries start to melt.The changes that 
occur in the structure during the cooling solidification 
after welding depend on the content of the base metal. 

 
Figure 2: Inconel 718 welding zones [11] 

 
The high thermal cycle material occurred during the 
welding of high-strength metals can cause the 
material to crack. There are some of these common 
cracking types for Inconel 718 [12]-[13]. 
Hot cracking:It occurs during the solidification of the 
weld due to residual tensile stresses acting on the low 
temperature melt phases resulting from the separation 
of grain boundaries. The cracks originate from the 
temperature difference in region during solidification 
of the molten region. 
Liquefaction cracking: It is caused by the melting of 
grain boundaries in HAZ. 
Cold cracking: It is driven by residual stresses in 
HAZ over time. 
Strain aging cracking: It occurs as a creep crack due 
to residual stresses during heat treatment after 
welding. [14]. 
The strengthening mechanism of Inconel 718 is based 
on the precipitation of intermetallic phases γ' and γ′′ 
during aging. γ′-[Ni3(Al, Ti)] which has FCC 
latticestructurewith % 4 volumetric rate is 
initiallyprecipitatedphaseduringheattreatment. This 
phase takes place as the strengthening structure of the 
majority of nickel and nickel-iron based 
alloys.However, unlike many other nickel based 
superalloys, Inconel 718 structure is strengthened by 
γ′′-[Ni3Nb]which is essentially a body centered 
tetragonal (BCT) structure as seen in Figure.3.This 
phase has a volumetric ratio of 15-20% and 
precipitates in ellipsoidal and disc form in the (FCC) 
matrix [15]-[17]. 

 
Fig.3.a. γ′ and Fig.3.b. γ′′ crystalstructures [18] 
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Although γ′′-[Ni3Nb]increasesthestructuralstrength, it 
is lesscompatiblewiththe γ matrix in terms of 
latticestructure. This prevents precipitation from 
becoming stable and causes grain growth in long-
term exposure to high temperatures. Rapid grain 
growth and consequent γ′′→δtransformation causes 
the material properties to decrease in the applications 
above 650°C. The δ-delta phase has the same 
chemical composition as the γ'' phase and differs only 
in that the crystal structure is orthorhombic. The 
phase differs from the γ'phase starting to precipitate 
in the dendritic region during the cooling of the 
structure following the welding process and due to 
itsthe needle-shaped or thin-layered structure, it 
creates a notch effect in the matrix so the properties 
are suddenly reduced to a great extent. Table.2 shows 
the tensile strength values of Inconel 718 at different 
temperatures [19]-[20]. 
 

Table.2 Inconel 718 Tensile strength measurements [21] 

 
The relatively slower welding precipitation 
mechanism of the γ′′-Ni3Nb phase makes Inconel 718 
far moreweldable and susceptible to cracking 
problems than other alloys. Because of this slow 
precipitation, the cracks can be prevented during the 
post-weld heat treatment as there is a chance to 
remove residual stresses.[22]-[24].Figures.4, .5 and 
.6showweldingmicrostructures of Inconel 
718specimensexposedtoimpact test at 
differenttemperatures. In the tests on the samples, it 
was determined that the welded samples were broken 
along a line parallel to the weld line and including the 
boundaries of the dendrites forming in the melting 
zone. When the images are examined, it can be seen 
that the phase of the dendrite boundary becomes more 
evident as the temperature rises.The main cause of 
the fracture line progression from the dendrite 
boundaries is that the γ′′ [Ni3Nb] particles, which are 
the material’s main strengthening mechanism, should 
be withdrawing from the γ austenitic matrix during 
cooling and settled in the dendritic grains. 

 
Figure 4: SEM image of specimen at 20o [25] 

 
Figure 5: SEM image of specimen at 500o [25] 

 
Figure 6: SEM image of specimen at 700o  [25] 

 
During the welding process dissolution of γ′′ and γ′ 
phaseprecipitatessoftenthematerial. Hardness can be 
recovered by post-weld heat treatment, but creep and 
fatigue properties cannot be recovered due to the 
column-shaped dendritic structure of the welds in the 
weld zone.Although the weldability of Inconel 718 is 
one of the best among the high strength alloys, the 
solidification crack in the melting zone and the micro 
cracks in HAZ are still the most significant 
constraints.Table 3. showstheaverage fracture values 
of welded specimens as mentioned in Figures.4-6, 
non-welded specimens were included the table for 
better comparison. W and NW indicates group of 
welded and non-welded specimens respectively. Each 
group contains specimens from three different 
temperatures [25]-[27]. 
 

Table.3Fracturevaluesforthreedifferenttemperatures [25] 

 
 

It is seen in Table.3, the impact resistance of the 
welded specimens is obviously higher than that of the 
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welded specimens. As studied in previous studies, the 
hardness drop in the microstructure after welding has 
led to the ductile behavior of the material. This shows 
that the hardness values can vary directly 
proportional with tensile loads and inversely with 
impact loads.Because of the way in which the notch 
impact experiment is applied, the entire load is 
absorbed by the sample instantaneously rather than 
distributed, so that the ductility of the part increases 
the impact absorption and causes the fracture values 
to be high[25].Table 4 gives the hardness values  for 
6 samples used in Table 3. Hardness measurements 
were made in the direction parallel to the fracture 
line, within 100 micrometers of the part and at 
intervals of 0,8 mm. 
 

Table.4 Hardness inspection results [25] 

 
 
The obvious difference between the hardness values 
of welded and non-welded samples was originated 
from the dissolution of the γ''-Ni3Nb phase and the 
softening of the main matrix by its accumulation at 
the dendrite boundaries during cooling stage.In 
addition to strength and impact properties, the 
reduction of micro-hardness has been another factor 
supporting this situation.It can be seen that the 
samples with a temperature of 700°C are softer due to 
the fact that some of the γ'' phase transforms to δ 
phase.  
 Carbide-based phases can be observed from 
the Figure.7 which are generally formed due to 
unstable solidification in the structure and long-term 
exposure to high temperature after the material is 
welded.These phases cause mechanical cracking and 
corrosion as well as causing the hot cracking of the 
metal and are expressed in the literature as MxCy[28]-
[29]. 

 
Figure 7: Delta and carbide phases formed after welding [28] 

When Figure.6 is examined, it can be observed that 
carbide phases appear in yellow and purple colors 
different from the matrix structure and begins to 
accumulate at the boundaries of dendrites similar to 
γ'' phase.Mo, Ti and Nb of the elements found in 
Inconel 718 structure show strong carburetor [30]-
[31]. 
 
CONCLUSION 
 
The non-alternative application for regulating 
dendritic phase distributions after welding is to 
subject the samples to heat treatment. Solution and 
aging heat treatments are the most commonly used 
heat treatment techniques for dissolving undesirable 
phases in the structure, removing residual stresses and 
restoring the desired strength in nickel-based 
superalloys after welding. In nickel-based 
superalloys, increasing the mechanical properties 
such as hardness and strength by heat treatment is 
called precipitation hardening.Although the 
application of precipitation hardening is similar to the 
hardening of steels by martensitic transformation, the 
internal structure phenomena that occur are very 
different and this application is widely applied in 
metal alloys.The precipitation hardening heat 
treatment for Inconel 718 is carried out in three 
stages; 
 1. Solution treatment process: In order to 
homogenize the alloy, annealing at high temperature. 
 2. Obtaining an oversaturated structure with 
sudden cooling. 
 3. Aging at a temperature below material’s 
homogenization temperature for a certain period of 
time. 
 
Depending on different melting temperatures of the 
superalloys, the critical conditions of the 
homogenization and aging vary over a wide range. 
The basic condition for the precipitation hardenability 
of an alloy is that the solubility of the alloying 
element decreases with decreasing temperature. 
Following the solution treatment process, the solid 
solution is cooled instantaneously to obtain an 
oversaturated structure. In the aging process, the 
secondary phase is precipitated as small particles in 
the oversaturated structure. At the beginning of 
precipitation, precipitate size is very small, so 
sediments may have little effect on the movement of 
dislocations during deformation exhibits a varying 
ductility depending on the type of weld. The decline 
in material properties can be eliminated by dissolving 
the carbide phases through post-weld heat treatment, 
including high temperature dissolution. However, it 
should be kept in mind that it accelerates grain 
growth and consequently reduces the fatigue and 
tensile properties of the base metal. 
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