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Abstract: The weldability of the ZhS6U nickel-based superalloy, which is prone to solidification cracking during electron-beam welding 
(EBW) repair processes, was investigated. The effects of two different pre-weld heat-treatment cycles on the final microstructure before and 
after welding were examined. Welds were made on flat coupons using an EBW machine, and the two heat-treatment cycles were designed to 
reduce γ′ liquation before welding. Microstructural features were also examined by optical and scanning electron microscopy. The results 
showed that the change in the morphology and size of the γ′ precipitates in the pre-weld heat-treatment cycles changed the ability of the su-
peralloy to release the tensile stresses caused by the matrix phase cooling after EBW. The high hardness in the welded coupons subjected to 
the first heat-treatment cycle resulted in greater resistance to stress release by the base alloy, and the concentration of stress in the base metal 
caused liquation cracks in the heat-affected zone and solidification cracks in the weld area. 
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1. Introduction 

ZhS6U nickel-based casting superalloys are widely used 
in vanes and blades in the hot section of powerful land-based 
and aircraft gas turbine engines because of their excellent mi-
crostructural stability, outstanding high-temperature strength, 
and good hot corrosion resistance [1−4]. The high manufac-
turing cost and economic consequences of in-service dam-
age often make the repair of damaged components desirable. 
Processes such as welding are suitable for the cost-effective 
repair of damaged parts [3,5]. 

Fusion welding is generally used to repair superalloy 
components; however, these alloys have limited weldability 
because defects introduced by welding and by post-welding 
heat-treatments render the components sensitive to 
heat-affected zone (HAZ) cracking [6]. One cause of HAZ 
cracking is the competition between mechanical driving 
forces for cracking (stress/strain generation) due to cooling 
stresses and the intrinsic resistance of the material to crack-
ing along the grain boundaries [7]. The formation of weld 

liquation cracks is associated with the presence of a conti-
nuous or semi-continuous intergranular thin liquid film on 
HAZ grain boundaries. Tensile stresses induced during the 
weld thermal cycle are responsible for decohesion of the 
solid–liquid interface along grain boundaries [8−12]. It was 
reported that the formation of the γ′ phase through rapid 
re-precipitation induces large shrinkage stresses along with 
substantial intragranular strengthening. Accordingly, the 
factors that generally influence HAZ cracking are 
grain-boundary liquation, the amount of γ′ precipitates 
formed, the grain size, and the magnitude of the thermally 
induced stresses [5−6].  

Compared with other welding techniques, electron-beam 
welding (EBW) is an attractive route for joining and repair-
ing high-temperature materials because of its ability to join 
with good weld properties. It creates full-penetration welds 
in thick sections with a high depth-to-width ratio, and the 
welds can be formed in a single pass and with minor heat 
input. The very low heat input results not only in low distor-
tion and residual stresses but also in good fatigue and 
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stress-corrosion properties [13]. 
The ZhS6U superalloy includes a high percentage of 

reinforced grain-boundary elements such as tungsten 
(approximately 10wt%–11wt%) and high percentages of 
aluminum and titanium as the constituents of the 
γ′-Ni3(Al,Ti)-reinforced phase (totaling 7wt%). Thus, the 
ZhS6U superalloy microstructure is mostly composed of γ′ 
and carbide phases. Therefore, according to the weldability 
diagram of superalloys, it is highly sensitive to crack for-
mation and the formation of unwanted phases after weld-
ing [14]. 

On the basis of the aforementioned literature, we de-
signed experiments in the present work with the objective of 
improving the mechanical and metallurgical properties of 
ZhS6U weldments by using a pre-heat treatment to minim-
ize intergranular liquation and HAZ cracking during EBW. 
To improve the weldability of ZhS6U by reducing the HAZ 
liquation cracking, the pre-weld microstructure and chemi-
cal distribution are controlled through a pre-heat treatment. 
The pre-weld heat-treatment cycles used in this study were 
based on suitable and acceptable pre-weld heat-treatment 
cycles reported in a previous investigation of the weldability 
of other superalloys [3]. In the present study, we modified 
the heat-treatment cycles reported previously because the γ′ 
solution annealing temperature of ZhS6U superalloy differs 
from those of other superalloys.  

2. Experimental 

Table 1 shows the chemical composition of the ZhS6U 
superalloy used in this research, as determined by X-ray 
fluorescence analysis. 

Table 1.  Chemical composition of the ZhS6U base metal  wt% 

Zr C Nb Ti Al W Mo Co Cr Ni

0.05 0.15 0.95 2 5 10.34 1.59 9.47 8.68 Bal.

 
Coupons with dimensions of 30 mm × 10 mm × 3 mm 

were cut from the flat parts of a service-exposed vane, ma-
chined using a wire cutter, and then cleaned with acetone. 
Two heat-treatment cycles were designed to reduce γ′ liqua-
tion before welding: the first cycle was 1140°C/2 h/furnace 
cooling + 1050°C/16 h/water quenching, and the second 
cycle was (1140°C/2 h/furnace cooling + 1050°C/16 
h/furnace cooling). All coupons were heat treated under ar-
gon shielding gas in an electrical tube furnace. The test 
samples were heated at 5°C/min. The furnace cooling of 
each cycle was also carried under argon gas.  

After the samples were polished and cleaned, welds were 

made on coupons using an EBW machine. The welding 
current was varied from 2 to 3 mA at a constant voltage of 
150 kV. The focusing current was considered constant. Be-
cause the samples were small, the specimens could not 
move against the electron beam; thus, the welded bead was 
created in the form of a spot with a 10 mm × 10 mm cross sec-
tion. Under these parameters and conditions, full-penetration 
welds were obtained. Each welded coupon for characteri-
zation was cut into three cross sections using an abrasive 
cutting machine after the first and second heat-treatment 
cycles. 

To investigate the microstructure, cut coupons after sur-
face preparation (sanding and polishing) were electrolyti-
cally etched with a 10wt% oxalic acid solution for observa-
tion of the microstructure by optical microscopy (Olympus 
GX-71) and scanning electron microscopy (SEM; TESCAN 
VEGA-XMU). The optical and electron microscopy images 
of the microstructure were also analyzed with the Image J 
analysis software. 

The hardness of the welded coupons was measured using 
the Vickers hardness test method after the heat treatment with 
different cycles and before welding. The Vickers hardness 
tests were performed under a load of 196 N in accordance 
with standard ASTM E92. 

3. Results and discussion 

3.1. Pre-weld microstructure  

Fig. 1 shows optical microscopy and SEM images of the 
coupon without any pre-weld heat treatment of the ser-
vice-exposed superalloy. The microstructure with an equiaxed 
grain structure is generally composed of three parts: a matrix 
phase (γ phase and γ′ precipitates), a γ–γ′ eutectic phase, and a 
coarse, needle-shaped, sometimes block-shaped carbide phase. 
According to the visual analysis software, the average size of 
the γ′ precipitates was 0.55 μm after the specimen’s conven-
tional service time. 

Fig. 2 illustrates a non-heat-treated microstructure coupon 
in which the light phase and the needle-shaped carbide in the 
matrix phase (γ phase and γ′ precipitates, respectively) are 
visible. The energy dispersive spectroscopy (EDS) analysis 
results for point A (Fig. 2) are presented in Table 2. These re-
sults indicate that MC carbides are present in the microstruc-
ture. During the service time of the superalloy under high 
temperature, these carbides did not transform to M23C6 and 
M6C carbides. 

The aforementioned microstructural components with 
equiaxed grain structures are clearly visible in the heat-treated 
coupon in the first cycle (Fig. 3(a)) and the second cycle 
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Fig. 1.  Optical microscopic image (a) and SEM image (b) of the service-exposed superalloy without a pre-weld heat treatment. 

 

Fig. 2.  MC carbide in the microstructure of the service-exposed 
superalloy sample. 

Table 2.  EDS analysis results corresponding to point A in 
Fig. 2                                              at% 

C Nb Ti W Mo Co Cr Ni 

36.5 11.3 28.2 10.2 3.5 1.00 2.4 6.9

 

(Fig. 3(b)). A larger grain size and coarse microstructure 
components are observed in the microstructure of the ser-
vice-exposed superalloy (Fig. 1(a)) compared with the micro-
structure of the coupon subjected to the first heat-treatment 

cycle (Fig. 3(a)). Grain coarsening of the eutectic and carbide 
phases is observed. Creep cavities are visible in the micro-
structure of the service-exposed superalloy (Fig. 1), which are 
created through its service operation. These microstructural 
changes during service will reduce creep resistance and the 
service life of the part. However, the microstructural compo-
nents of the specimen subjected to the second heat treatment 
are slightly coarser than those of the specimen subjected to the 
first treatment because of the difference in cooling rates at the 
end of the two cycles [15].  

Figs. 4 and 5 show SEM images of the microstructures of 
the sample coupons subjected to the first and the second 
heat-treatment cycles, respectively. Three general sections of 
the microstructure, including the matrix phase (γ phase and γ′ 
precipitates), γ–γ′ eutectic phase, and coarse, needle-shaped 
carbide phase, are visible in these images. Morphological 
changes and coarsening of the γ′ precipitates of the coupons 
subjected to the first and the second heat-treatment cycles 
were observed compared with the morphology and γ′ precipi-
tates of the service-exposed superalloy. The γ′ precipitates 
were converted from cubic to spherical shapes with an aver-
age diameter of 0.74 μm after the heat treatment in the first 
cycle and an average diameter of 0.86 μm after the second 
heat-treatment cycle. 

The microstructure of the coupon subjected to the second 
heat-treatment cycle is shown in Fig. 6. This image shows 

 

Fig. 3.  Optical microstructure images of coupons subjected to the first heat-treatment cycle (a) and the second heat-treatment cycle (b). 
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Fig. 4.  Microstructure of the coupons subjected to the first heat-treatment cycle at different magnifications. 

 

Fig. 5.  Microstructure of the coupon subjected to the second heat-treatment cycle at different magnifications. 

 

Fig. 6.  Microstructures of the coupon
subjected to the second heat-treatment
at different magnifications. 
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carbides that formed as deposits alongside the boundaries and 
strengthened the boundary. Two types of carbides (MC and 
M6C) are observed among the microstructures of the ZhS6U 
superalloy (Fig. 6(a)), as indicated by the yellow circle; this 
region is shown at higher magnification in Figs. 6(b) and 6(c). 
The EDS analysis results corresponding to points A and B 
(Table 3) confirm the combined composition of these two 
carbides. According to the EDS analysis results, point A, 
which isc related to the M6C carbide, exhibits a brighter color 
than the MC carbide. The M6C carbide is formed during the 
heat treatment by the following reaction [15]: 

6MC γ M C γ′+ → +  (1) 

Table 3.  EDS analysis results corresponding to points A and B 
in Fig. 6(c)                                         at% 

Point C Nb Ti W Mo Co Cr Ni 

A 12.2 2.9 2.9 15.1 7.1 11.6 16.6 31.6

B 37.4 10.8 31.1 6.1 2.3 0.5 1.8 10.0
 

Fig. 7 shows the hardness variation of the coupons and the 
particle size of the γ′-phase precipitates after the first and 
second heat-treatment cycles before welding. The change in 
the γ′-phase morphology from cubic to spherical and the in-
crease in particle size of the γ′ phase reduced the hardness of 
the heat-treated coupons. The type and interaction of precipi-
tates and dislocations determine the degree of hardness in su-
peralloys. The slipping of dislocations occurs through the 

passage from coarse precipitates and slices of fine γ′ precipi-
tates. Thus, achieving the optimum size of precipitates will 
result in the maximum hardness in the base metal. Therefore, 
with increasing size of the precipitates in the coupons sub-
jected to the second heat-treatment cycle, a decrease in the 
hardness value is observed. 

 

Fig. 7.  Hardness variations and the particle size of γ′ precipi-
tates of coupons subjected to the two heat-treatment cycles. 

3.2. Post-weld microstructure  

Fig. 8 shows optical microscopy images of the microstruc-
ture in three different sections of the welded coupon subjected 
to the first heat-treatment cycle. Cracking is clearly observed 
as a centerline crack that reached the surface of the weld metal. 
This crack was formed because of a continuous boundary  

 

Fig. 8.  Optical microscopy images of the first cross section (a, c), the second cross section (b), and the third cross section (d) of the weld-
ing part which formed liquation cracks during the first heat-treatment cycle. 
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formed alongside the center of the weld bead with high heat 
input and at a high welding travel speed. Under these condi-
tions, a large columnar structure is formed in the width of the 
bead and large amounts of eutectic and brittle phases form 
along the central line. This segregation leads to the melting of 
these areas from the bead during the first heat treatment or 
under the high-temperature conditions that cause crack forma-
tion [16]. Several examples of liquation cracks are observed in 
the HAZ region. These cracks originated from the grain 
boundary of the metal and extended along the boundary to the 
weld metal. 

Liquation cracks that formed in the HAZ (Fig. 9(a)) are at-
tributed to metallurgical changes that occurred in the HAZ 
because of the melting of microstructure components such as 
eutectic and MC carbides. During rapid heating in the EBW 
process, these phases on the grain boundary often cannot be 
completely dissolved in the matrix phase; thus, a eutectic 
phase with a low melting point and a liquation surrounding the 

grain boundary are formed. The liquid film formed on the 
boundary in the HAZ region is solidified again, and this film 
is debonded from the matrix; it therefore cannot withstand the 
tensile stresses created at the end of the weld bead, resulting in 
the formation of these types of cracks. The formation of a 
crack in the MC carbide neighborhood is shown in Fig. 9(a). 
The nucleation and growth of this crack is the result of the 
liquation and re-solidification of the carbide phase in the crack 
neighborhood. 

The results of the EDS analysis at point A in Fig. 9(a) and 
the distribution of the Nb, Ti, and W elements are presented in 
Table 4 and Fig. 9, respectively. These results clearly demon-
strate that this crack forms because of the melting of an 
MC-type carbide that is rich in tungsten, titanium, and nio-
bium (Fig. 9). These results demonstrate the destructive role 
of grain-boundary strengthening phases (e.g., MC-rich car-
bides of tungsten and niobium) in the welding of ZhS6U su-
peralloys.  

 

Fig. 9.  Liquation crack image microstructure (a) and maps of the element distribution of Nb (b), Ti (c), and W (d). 
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Table 4.  EDS analysis results for point A in Fig. 9    at% 

C Nb Ti W Mo Cr Ni 

38.7 14.1 31.9 7.6 3.8 1.8 2.1 
 

During the fusion welding of nickel-based superalloys, the 
eutectic and carbide phases on the boundary in the HAZ will 
be exposed to the heat of welding, and these phases should be 
dissolved into the matrix phase. The rapid heating of the EBW 
process causes incomplete dissolution of eutectic phases in the 
matrix phase and forms a eutectic phase with a low melting 
point, resulting in melting of a portion of the surrounding 
grain boundary.  

A lack of sufficient penetrating of the main elements of the 
carbide-forming phase leads to the formation of low-temperature 
and re-solidified phases in the HAZ. The tensile stresses 
caused by the welding process will lead to phase separation 
from the matrix and the formation of liquation cracks.  

To compare the contents of the soluble elements in regions 
of the HAZ that are liquated and the contents of these ele-
ments in the γ matrix, we performed line chemical analysis 
along the liquation crack (Fig. 10). The variation of the so-
luble elements along this line indicates higher contents of Ti, 
Nb, and W in the melting phase around the crack compared 
with the contents of these elements in the matrix, which con-

firms the incomplete dissolution of the phases around the 
crack liquation. 

 

Fig. 10.  Line chemical analysis along the liquation crack inter-
rupt. 

The interface between the weld region and the base metal 
after the second heat-treatment cycle is shown in Fig. 11. 
The welding region with an equiaxed grain and fine dendrit-
ic structures is free from any solidification and liquation 
cracks. No liquation cracking was observed in the HAZ of 
the welded coupon after the second pre-weld heat-treatment 
cycle. 

 

Fig. 11.  Optical microscopy images of the welded part subjected to the second heat-treatment cycle at different magnifications. 

The thermal stresses caused by welding are strongly de-
pendent on the ability of the base alloy to release the thermal 
stresses created during cooling. This ability is directly related 

to the hardness of the base alloy prior to the welding process. 
The base-metal superalloy with high hardness after welding 
exhibits greater resistance to stress relaxation. The base metal 
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forces higher welding stresses to the HAZ that is heated and 
re-solidified. These weak areas in the HAZ cannot withstand 
tension; thus, liquation cracks form in the HAZ. By contrast, 
the low-hardness base superalloy has greater ability to release 
welding stresses and forces less stress on weakened areas in 
the HAZ.  

The high hardness of the welded coupons subjected to the 
first heat-treatment cycle leads to a greater stress concentration 
in the HAZ, which promotes the formation of liquation cracks 
in the HAZ and creates large free-solidification cracks in the 
weld region of the coupons subjected to the first heat-treatment 
cycle. However, the hardness of the coupon subjected to the 
second heat-treatment cycle was reduced to a desirable value 
to enable the release of tensile stresses. The weldments were 
therefore free of any defects and cracks.  

In addition to the solidification and liquation cracking, mi-
crostructural evolution of the fusion zone was studied. The fu-
sion zones of both welded samples have similar microstruc-
tural constituents. The microstructure of the fusion zone was 
composed of three parts: the matrix, eutectic, and the carbide 
phase regions. Fig. 12 shows the fusion-zone microstructure 
of samples subjected to the second pre-weld heat-treatment 
cycle. Very fine and spheroidal γ′-precipitates formed in the 
matrix of the fusion zone, with an average size of 20 to 60 nm. 
These precipitates nucleated during the solidification stage of 
the EBW process with a high cooling rate; the growth rate of 
the γ′ phase was very low.  

 

Fig. 12.  Microscopic image of the fusion zone of the sample 
subjected to the second heat-treatment cycle. 

4. Conclusions 

(1) The different morphologies and sizes of the γ′ preci-

pitates formed during the pre-welding heat-treatment cycles 
changed the ability to release the tensile stresses caused by 
the matrix phase cooling after EBW.  

(2) The high hardness in the welded coupons after the 
first heat-treatment cycle resulted in greater resistance to 
stress release by the base alloy, and the concentration of 
stress in the base metal was responsible for the formation of 
liquation cracks in the HAZ and the solidification cracks in 
the weld area. 

(3) The hardness of the welded coupons subjected to the 
second heat-treatment cycle was sufficiently reduced to en-
able the release of tensile stresses caused by cooling after 
EBW; the weld region was consequently free of any weld-
ing defects and cracks. 
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