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The weldability of GTD-111 nickel-based superalloy by pulsed Nd:YAG laser welding with 

an average power of 250 W was studied, and the microstructural evolution and cracking 

characteristics were also investigated. The solidification cracking of the fusion zone (FZ) and 

the intergranular liquation cracking in the heat affected zone (HAZ) were observed in the joint. 

Solidification cracking was caused by the residual liquid metal originated from the segregation 

of Ti, Nb and Al elements in the interdendritic region at the last stage of solidification. And 

the HAZ liquation cracking was associated with the constitutional liquation of ‎ǲ, MC carbides, 

and the melting of Cr-rich boride. Ti was introduced as the most important factor in the 

formation of the liquation cracks in HAZ by reducing the start temperature of ɾ ɾǲ eutectic 

reaction and increasing the ‎ǲ dissolution temperature. Chemical analysis of the crack edges at 

HAZ revealed the presence of high amounts of Ti and Al elements which can be attributed to 

‎ǲ partial melting. Gleeble physical simulation revealed that in casting the sample, the liquation 

started at significantly lower temperatures than in the 1200ᴈ solution heat treated samples. 

This is attributed to the boride and intermetallic particles, which had dissolved by the 1200ᴈ 

heat treatment. The formation of fine grains due to the high cooling rate of the weld as well as 

the formation of dispersed carbides in the fusion and heat affected zones led to an increase in 

the microhardness by about 130 HV compared to the base metal. 

 

© Shiraz University, Shiraz, Iran, 2020 

Keywords:  

GTD-111 superalloy 

Nd:YAG laser 

Solidification cracking 

Liquation cracking 

Grain boundary melting 

Segregation coefficient 

Gleeble simulation 

 

 
1. Introduction  

 

GTD-111 is a nickel-based cast superalloy which 

was first developed in mid 80s by General Electric 

Company in order to manufacture first-row gas-turbine 

moving blades [1]. This superalloy is known as the new 

generation of IN738 superalloy and modified Rene80 

superalloy [2]. The GTD-111 is a modification of Rene 

80 and has a multi-phase microstructure consisting of the 

face-centered cubic (FCC) ɔ matrix, bimodal ɔ ˼

precipitates (primary and secondary), ɔ-ɔ˼ eutectic, 

carbides and a low amount of harmful phases such as ů, 
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µ, and Laves phases [3]. The alloy obtains its high 

temperature strength mainly through ɔ ˼ (Ni3(Al, Ti)) 

precipitates that are present with aι60% volume fraction 

[3]. 

Although their excellent mechanical properties and 

resistance to high temperature corrosion make them 

suitable for widespread use, the welding and weldability 

of precipitation-strengthened nickel-based superalloys 

have caused challenging issues for the metallurgist and 

metallic material researchers [4]. GTD-111 alloy, 

similar to other precipitation hardening superalloys 

which contain Al+Ti>%6, is hardly welded because of 
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its high sensitivity against HAZ cracking and difficult 

PWHT [5]. 

Cracking during the welding of this alloy has been 

attributed mostly to large shrinkage stress occurring as a 

result of rapid precipitation of ɔ ˼particles during cooling 

from the welding temperature [6]. Added to this, the 

non-equilibrium phase transformations and micro-

segregations during non-equilibrium solidification 

usually result in the formation of intermetallic 

compounds which are rich in alloying elements that are 

important for strengthening. This impressively affects 

the high-temperature functionality of the superalloy [4]. 

Cracking of HAZ in nickel-based superalloys is 

generally caused by the presence of the liquid phase on 

grain boundaries at a time during which sufficient 

thermal and shrinkage tensile stresses are developed 

during the weld cooling cycle to drift apart any weak 

intergranular liquid-solid bonds. Careful microstructural 

examination revealed that liquating the 

microconstituents that contributed to the HAZ grain 

boundary liquation cracking includes MC carbides and 

ɔ˼ precipitates [7]. 

Taheri et al. [8] have introduced compounds such as 

ɔ˼ phase, ɾ ɾǲ eutectic, MC and M23C6 carbides, Cr-Mo 

boride, and Ni-Zr intermetallic to be the main factors in 

the formation of HAZ liquation cracks during their 

investigations on laser welded GTD-111 superalloy. 

Presence of such compounds at the grain boundaries of 

nickel-based superalloys has been proven by several 

researchers [9, 10]. These locations are suitable locations 

for the nucleation and growth of cracks. Occurrence of 

cracks during the welding of this alloy is mainly 

attributed to the shrinkage stresses which are the results 

of the rapid precipitation of ɾǲ particles during cooling 

from the welding temperature [11]. Osoba et al. [12] 

have reported that HAZ cracks in Rene 80 superalloy are 

accompanied by grain boundary ɾǲ liquid. Ojo et al. [13] 

have shown that besides the contribution to welding 

stresses, ɔ ˼precipitates can embrittle weld HAZ grain 

boundaries by persisting to temperatures at which they 

could react with the austenitic ɔ matrix to produce a 

liquid phase by a eutectic type reaction. 

HAZ liquation cracks are considered to be a major 

problem in comparison with FZ. The reason is that a FZ 

crack can be controlled to a great extent by the use of a 

suitable filler metal. Cheng and Chiang [14] have been 

able to decrease the weld defects such as porosities and 

cracks by the use of IN738 powder as a filler metal in 

IN738 laser welding. Ojo et al. [10] have shown that in 

IN738 welding with direct laser welding, there are not 

any solidification cracks in the weld metal, while a HAZ 

microstructure suffers from the presence of cracks. 

The presence of secondary-phase particles in rapid 

heating rates can develop grain-boundary melts in HAZ 

[15]. Added to this, the segregation of elements with 

K<1 decreases the melting point along the grain 

boundaries and increases the solidification temperature 

range, which results in local melting and HAZ liquation 

cracking. The segregated elements during heating can 

melt during welding and produce re-solidified products. 

Such places are suitable sites for the nucleation and 

growth of cracks. The valuable point is that the presence 

of micro-porosities around the molten grain boundary 

might be a mechanism for crack formation at HAZ. 

Naffakh-Mosavy and Rezaei [15] have studied the effect 

of micro-porosities and precipitations on the crack 

behavior of IN718 poly-crystal. They reported that the 

presence of micro-porosities and laves phases at the 

inter-granular zones is an important source of HAZ 

cracks. Shrinkage cavities are formed at HAZ molten 

grain boundaries. These cavities are developed due to 

solidification shrinkage and are the results of 

heating/cooling cycles. Moreover, thermal expansion 

during welding results in the upcoming thermal stresses 

as well as the shrinkage strains which end in micro-

porosities. Micro-shrinkage can result in hot cracking. 

Solidification cracking is another mechanism that 

occurs during welding. Solidification cracking happens 

at the late solidification stages, when the molten films 

are being formed along the solidification grain 

boundaries and in some cases are distributed in the inter-

dendritic sites. Equilibrium dislocation coefficient of 

solute element, solidification range, and strains due to 

the welding cycle are the most important factors which 

control solidification cracking. Osoba et al. [12] have 

suggested the segregation of elements with K<1 in the 

inter-dendritic zones, decreasing the local melting, to be 

the main cracking factor in FZ. Dendrite micro-

segregation mainly results in the formation of secondary 

intermetallic solidification compounds along the inter-
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dendritic zones in such a way that it ends in the non-

uniform distribution of secondary-phase particles [16]. 

A lot of fractures in the compounds are related to the 

above-mentioned problems during welding. One of the 

most important processes that exist for repairing and 

joining gas-turbine blades made of GTD-111 is 

welding. Due to the poor fluidity of the molten weld 

metal for nickel-base alloys, the traditional welding 

method e.g. TIG fails in obtaining good penetration [17]. 

Laser beam welding (LBW) has been recognized as 

one of the most attractive welding techniques for joining 

advanced high temperature materials on account of its 

low contamination, low input heat, high welding speed 

(10 to 20 times TIG), low thermal deformation, high 

diffusivity, and better metallurgical and mechanical 

properties due to thin HAZ [18]. 

In the weldability conditions of a superalloy, the 

pulsed Nd:YAG laser has various advantages such as a 

high energy-absorption rate due to low laser beam 

reflection, controllability of parameters such as pulse 

duration, pulse frequency, as well as lower residual 

stresses compared with the CO2 laser [19]. 

In summary, owing to the few investigations on the 

fusion welding of GTD-111 superalloy, it is necessary to 

study the laser beam weldability of GTD-111 superalloy, 

although there are studies using the TLP method for 

joining this superalloy [20]. The goal of this research 

was to conduct a comprehensive analysis on the 

microstructure of different zones and the formation 

mechanism of cracking defects in the joints. Finally, the 

tensile behavior and hardness of the alloy were studied. 

 

2.  Experimental Procedure 

 

The material used for this study was GTD-111 

nickel-based superalloy plates with a thickness of 1 mm 

and dimensions of 50×50 mm2, which had totally even 

edges cut by a wire cut from a cylindrical ingot with a 

diameter of 750 mm. The chemical composition of this 

alloy is presented in table 1. In this study, a DSC 

(Differential Scanning Calorimetry) test was carried out 

to determine the temperature changes of GTD-111 

superalloy states, such as melting and solidification, 

dissolution of precipitation, and carbide formation. The 

NETZSCH STA 409 PC/PG device was used for this 

purpose.  

 

Table 1. Chemical composition of the as-cast GTD-111 Alloy 

(wt.%) 

Cr Co Ti Al  Ta W Mo Nb B Zr C Ni 

14 9.5 4.9 3 2.8 3.8 1.5 0.07 0.014 0.03 0.1 Bal. 

 

 

Before welding, samples were cleansed in acetone 

solution and dried. A special fixture was used to fix the 

samples and maintain their positions during the welding 

process. Welding was autogenous and was performed by 

a pulsed Nd:YAG laser source model, IQL-10, with a 

maximum power of 400 W. Fig. 1 presents the 

experimental steps. 

 

 

 

 

 

Fig. 1. Image of (a) experimental setup and (b) schematic 

diagram of the welding machine and work piece. 

 

In order to obtain a suitable welding profile, the 

optimum parameter for welding was selected based on 

some previous tests and studies [21], which have been 

Laser Head 

Specimen 

Fixture  
Ar  Gas Nozzle 

(a) 
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presented in table 2. A power meter model 5000 W-Lp 

by Ophir was used for measuring the laser power. Fig. 2 

presents the laser-welded sample. The heat affected zone 

microstructure of the heat-treated specimens were 

simulated by a Gleeble 1500-D thermomechanical 

simulation system to study the effect of the 

microstructural variation and heat treatment on the 

liquation behavior of GTD-111. Selected specimens 

were pulled to failure in order to evaluate hot ductility at 

various peak temperatures. The simulation was 

performed on the cylindrical specimens of 5 mm 

diameter and 85 mm length which were rapidly heated 

to 1050, 1140, 1170 and 1250°C temperatures at a rate of 

111 °C/s and then held for 1 s at all the temperatures 

followed by water quenching. 

 
Table 2. Pulsed Nd:YAG laser welding parameters 
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Fig. 2. Weld appearance, (a): weld appearance of the top 

side, (b): weld appearance of the back side. 

 

In order to study the hot cracking behavior in HAZ, 

FZ and Gleeble simulation, six welded samples were cut 

which were taken from the cross section of the weld line 

using wire cut. After standard metallography, including 

grinding and polishing, marble etching solution having a 

composition of 44 g Cu2SO4+20 ml HCl+20 ml H2 was 

used for optical microscopy studies. Electro-etching 

with a composition of 12 ml H3PO4+40 ml HNO3+48 ml 

H2SO4 in 6 V for 5 seconds was performed with the 

purpose of conducting electron microscopy studies. The 

microstructural investigations were carried out by 

optical microscope (OM) as well as the field-emission 

scanning electron microscope (FE-SEM) model MIRA3 

by TESCAN which was equipped with applicable SE, 

EDS, and BSE detectors. Axio Vision software was used 

to measure particles, especially the distance of the 

dendritic arms.  

In order to investigate the mechanical properties of 

the welded metal, the microhardness test was used by 

Buehler equipment made in the USA with an applied 

load of 200 g and a time period of 20 s in the longitudinal 

section of the polished sample. Tensile test was 

performed using a Zwick/Roel Z100 machine with a 

Cross head speed of 2 mm/s according to the ASTM E8 

standard. After the tensile testing, the fracture cross 

sections were investigated from a microstructural point 

of view. Fig. 3 shows the standard dimensions of the 

sample. 

 

 

 

 

Fig. 3. Schematic diagram showing the dimensions of laser-

welded specimens used in tensile tests. 
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3. Results and Discussion 

 

3.1. Material microstructure before welding 

 

Figure 4 shows the microstructure of GTD-111 base 

metal in as the as-cast condition. A fully developed 

coarse dendritic structure accompanied with severe 

alloying segregation in the interdendritic regions can be 

seen. Considering the fact that the base metal is prepared 

as-cast, its alloying element segregation seems normal. 

The dendritic core zones are observable in bright color 

and the inter-dendritic regions are observable in dark 

color. The secondary phases in the dark inter-dendritic 

zones as well as heavy alloying-element segregations in 

brighter zones, which are formed during solidification, 

are observable. Fig. 4(b) presents the SEM image of the 

base metal. As it is clear, ‎, ‎ǲ, and ‎ ‎ǲ phases with 

sector morphology, and MC carbide with a size of 1.5 

µm are the most important as-cast GTD-111 

microstructural components. EDS analysis of the gross 

particles in Fig. 4(c) reveals TiC carbide particles. An 

intense Ta peak in the EDS pattern is a sign of (Ti, Ta) 

C complex carbide in the microstructure. Both ‎ and ‎ǲ 

phases have coherent interfaces due to their possession 

of FCC structures and close lattice parameters. This 

interface is located at low-energy {100} planes. The low 

degree of mismatch between these two phases, results in 

a decrease in the driving force for the cubic nucleation 

and coarsening of ‎ǲ particles, which increases the 

applicability of the alloy at high temperatures [2]. By 

growth continuation, ‎ǲ particles convert into clusters of 

continuous cubes or octahedrons, and afterwards they 

might grow dendritically in the preferential direction of 

<111>. 

 

 
 

 
 

 
Fig. 4. as-cast base-metal microstructure: (a) optical 

microscopy, (b) electron microscopy, (c) carbide EDS 

analysis. 
 

3.2. Weld metal microstructure 
 

Overall, welding profile in Fig. 5 shows that the weld 

appearance is sound without undercuts and convexity. 

As can be seen in Fig. 6, the microstructure of the weld 

metal consists of three zones: cellular, dendritical, and 

equiaxed. The morphological difference between these 

three zones is due to their being exposed to different 

cooling conditions. 
 

 

Fig. 5. Overall profile of the welded sample. 
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Fig. 6. GTD-111 weld metal microstructure by SEM 

microscopy. 

 

The solidified microstructure is greatly affected by 

the solidification parameters of temperature gradient G, 

solidification rate R and their combinations GR and G/R. 

These two parameters (G and R) are responsible for 

these three types of structures in the weld metal which 

are explained by equation   [22]. In this 

equation, G is thermal gradient, DL is diffusion 

coefficient in the liquid phase, m is melt line slope, K is 

segregation coefficient, and R is growth rate. The units 

of GR and G/R are K/s and K.s/mm2, respectively. As 

shown in Fig. 7, the solid-liquid interface stability factor 

G/R is related to the solidification morphology, while the 

cooling rate GR influences the scale of the solidification 

microstructure. As G/R increases, the interface 

morphology changes from equiaxed-dendritic to 

cellular-dendritic, and from that to cellular grains. On 

the other hand, dendrites of finer sizes occur under 

higher cooling rates. It must be noted that the high 

solidification and growth rates due to lower input heat 

are one of the characteristics of pulsed laser [23]. 

 

 

Fig. 7. The effects of the G and R on the morphology and 

scale of the solidified microstructure [22]. 

 

Grain crushing in FB affects the crystalline 

orientation of the weld metal and results in the 

development of an epitaxial growth zone. Epitaxial 

growth of the materials with more than one phase is 

natural. The epitaxial structure is formed in the base 

metal along the low energy crystalline direction. This 

direction in autogenous austenitic welding is <100> 

[22]. When the solidification mode is more affected by 

crystalline orientation rather than thermal gradient, the 

epitaxial growth stops (Fig. 8). 

 

 

Fig. 8. Epitaxial growth of weld metal: (a) schematic, (b) 

SEM microscopy. 
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Segregation behavior of solute elements can be 

considerably affected by solidification growth rate. 

Various studies have been performed on the 

solidification behavior of the weld metal for nickel-

based alloys using this concept [24, 25]. These studies 

have revealed that the redistribution behavior of solute 

components as well as the microstructure of the obtained 

weld metal is mainly controlled by the values of K and 

Ds for the given alloying elements. Ds controls the 

backward diffusion potential of the solid during 

solidification. A segregation coefficient k was defined as 

the ratio of the average concentration of the element in 

the dendrite cores to that in the interdendritic regions, 

i.e., k=Cd/Cid. K values of less than 1 (K<1) indicate 

that the elements segregated to the interdendritic regions 

and these elements are positive segregation elements, 

while k values of more than 1 (K>1) indicate that the 

elements segregated to the dendrite cores and these 

elements are negative segregation elements. Fig. 9 

presents the X-ray map image of the weld metal 

microstructure for defining the distribution of different 

elements in the weld metal. Chemical composition of the 

dendritic core zones which is defined by electron probe 

microanalysis equipped with EPMA/WDS is presented 

in table 3. The results reveal that Ti, Ta, and some Al 

elements have segregated in the inter-dendritic zone due 

to their having K values of less than one. Among these, 

the Ti case is more severe than the other two elements. 

Elements such as W and Mo are distributed in the 

dendritic core zones due to their amount of K being more 

than one. The rest of the elements are almost uniformly 

distributed in the inter-dendritic and dendritic core 

zones. As the amount of C element distribution cannot 

be defined with sufficient precision due to its light 

weight, there are various studies [26] which have 

calculated the distribution coefficient of these elements 

as less than one. Therefore, it seems logical that these 

elements segregate during the GTD-111 welding 

solidification process in the inter-dendritic zones. 

Despite this, the presence of the distribution process 

during solidification is not fixed. 

 

 

 

 

Fig. 9. EDS X-ray mapping of weld metal microstructure. 

 

 
Table 3. EPMA microanalysis of interdendritic and dendritic 

core zones in the weld metal 

Elements Al  Ti  Cr  Mo Co Ni Ta Nb W 
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Based on the solidification concepts, the growth rate 

has a significant effect on the dendritic arm spacing as 

well as the redistribution degree of alloying elements in 

the nickel-based superalloys, which have been studied 

by Brody and Flemings [26] as: 

 

ʇ +2                                                       (1) 

In equation 1, ʇ is the average dendritic arm spacing 

to be about 2.2 µm. The values of Ks and n are constant, 

which according to references [26] are assumed to be 

4.7×10-2 mmk1/3 S-1/3 and -0.4, respectively. Also, R is 

1 ɛm 
Al  

Ti Cr 

Ta

a 

Ni 
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the cooling rate. Based on these values, the amount of R 

for the welding pool of the GTD-111 nickel-based 

superalloy which was studied in the present work was 

obtained to be 2110 ks-1. Such a rapid cooling rate can 

considerably restrict the backward diffusion potential 

during weld metal solidification. The works done by 

Giamei et al. [27] have shown that decreasing the 

dendritic arms has a desirable influence on decreasing 

segregation and increasing structure homogeneity. 

 

# +# ρ ρ ςɻËÆ                   (2) 

+                                                                          (3) 

ɻ                                                                        (4) 

ὸ
Ў

Ⱦ
                                                                   (5) 

 

If in equation 4, Ŭ<<1, then the Brody and Fleming 

equation is reduced to a new equation named Scheil [28]: 

 

# +Ãρ Æ                                                  (6) 

In the above equation K is the equilibrium solution 

distribution coefficient, Co is the nominal solution 

concentration, fs is the solid fraction, Ds is the solution 

diffusion in the solid (constant), tf is the total 

solidification time, L is half the dendritic arm spacing, 

and Ŭ is the dimensionless diffusion parameter. Scheil 

equation explains the redistribution of solute 

components when diffusion in the solid is negligible. 

The presence of brittle phases (metallurgical factor) 

and the simultaneous presence of stress/shrinkage 

(mechanical factor) are among the most important 

factors for the formation of solidification cracks. As seen 

in Fig. 10, for most of the interdendritic zones, there are 

cavities which have been formed during the shrinkage of 

liquid to solid. Accumulation of such micro-cavities 

results in increasing the stress concentration and as a 

result expanding the hot solidification micro-cracks. 

Enrichment of the inter-dendritic zones by segregation 

solutions might result in a considerable decrease in the 

weld metal solidus temperature. This increases the 

brittleness temperature range which results in the weld 

metal to be prone to solidification cracks. The formed 

cracks are mostly along the white phases which are 

observed in the dendritic zones.  

 

 

 

Fig. 10. Formation of cavities and cracks in the interdendritic 

zones of the weld metal. 

 

 

Dupont [29] and Moosavy [30] developed a model 

based on the Scheil equation (equation 6), in which the 

sensitivity of nickel-based superalloys against 

solidification cracks can be predicted. In this equation, 

the relationship between K values of each X element 

from the weld metal and the solid fraction (fs) with a 

composition of C is considered to be: 

 

# +# ρ Æ                                                        (7) 

By having K values, the nominal composition of 

elements as well as some other operational, physical, and 

microstructural parameters, solidification range of the 

weld metal can be used as good criteria for defining the 

weld ability of nickel-based superalloys. 
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