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 In this work, microstructural characterization and mechanical properties of P91 and Incoloy 
800HT dissimilar laser beam welded joint were analyzed. In addition to that, metallographical studies 
were conducted using Optical microscopy, Scanning electron microscopy (SEM) equipped with 
Energy-dispersive X-ray spectroscopy (EDX) and X-Ray diffraction analysis (XRD). Effect of specific 
point energy on weld microstructure was predicted and it was compared with fusion zone hardness. 
The δ-ferrite content of the welds was predicted and it was correlated with the results measured by 
ferritoscope. Increase in heat input led to a minimal increase in the weld bead width and also the 
depth of penetration as predicted by microstructural studies. The traces of δ-ferrite in the interface 
of P91 side led to higher strength and microhardness of the weld. Failure of tensile specimens in the 
HAZ of Incoloy 800HT side was because of lower ferrite content (0 to 0.36) in that region and also 
due to the presence of the brittle intermetallic phases. The tensile strength of higher specific point 
energy welds was greater compared to other welds because of precipitation hardening and presence 
of δ-ferrite. Fractography results of fracture surfaces contain uniform dimples which showed that the 
failure took place in a ductile mode.
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1. Introduction

 Power production industries aim at higher power production 
capacity by increasing the pressure and temperature inside 
the boilers. Hence, there is the need for developing new 
materials to withstand higher temperatures and pressures. 
They are being continuously developed in order to meet 
out the requirements of power production industries. Of 
the various materials used in power plants, P91 is one 
of the widely preferred materials in fabrication of boiler 
components as it has a very good creep strength and high 
resistance for stress corrosion cracking. P91 is mostly used 
in the locations of low temperatures, whereas in the regions 
of high temperature 800 alloys are generally preferred as 
they have very good strength and oxidation resistance even 
at higher temperatures. In addition to that, 800 alloys also 
have an excellent resistance for carburization and a very 
good corrosion resistance at elevated temperatures. In 
order to balance the quality of the weld with the economic 
aspects, fabrication of boiler components are done by joining 
dissimilar metals. Dissimilar joints are made in such a way 
that, at higher temperature locations 800 alloys are used 
and in low temperature locations, alloys like P91 are used 
as they are comparatively cheaper than the 800 alloys. Gas 
Tungsten Arc Welding (GTAW) process is generally used for 
joining these dissimilar metals and in order to have quality 
joints between P91 and 800 alloys, the major challenges that 

have to be overcome are the thermal cyclic stresses occurring 
due to the difference in thermal expansion co-efficient of 
the materials, reduction in the carbon content in the base 
metal areas as they migrate towards the weldments, and 
the formation of oxide notches in the interface of the P91 
side due to the stress oxidation. In order to overcome these 
challenges in most of the works related to GTAW welding 
of P91 and 800 alloys, nickel based filler materials are used 
as the diffusivity of carbon in nickel alloys are less1. In some 
cases, the welds obtained using the nickel filler materials 
resulted in the formation of cracks along the interface of P91 
side. Madhusudhan Reddy et al.2 conducted studies on the 
effect of different welding methods on mechanical properties 
and microstructural features of dissimilar ferritic-austenitic 
stainless steel weldments. They observed that the residual 
stress and hardness values were comparatively more on the 
ferritic stainless steel side, which in turn affected the overall 
strength of weld. Sayiram et al.3 studied the microstructural 
aspects of dissimilar joints between Incoloy 800H and 321 
austenitic Stainless Steel using GTAW welding process. They 
observed a competitive growth mechanism in the interface 
of the Incoloy 800H side. The existing welding techniques 
like Gas Tungsten Arc Welding (GTAW) require preheating 
and inter-pass heating during welding. So the joints produced 
more distortion and Inter-critical softening was observed in 
GTAW welding. To overcome the disadvantages of GTAW, 
laser beam welding is suggested to improve the quality. Laser 
has become inevitable in welding industries as it has the have 
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capability to produce weld with lesser heat affected zone, 
lesser distortion and it has successfully used for joining wide 
variety of similar, dissimilar materials. Improvement in the 
quality of the weld is mainly due to the fiber laser which 
involves less capital investment4. And also laser welding 
shows lesser quantity of laves phase weld microstructure 
with lower Nb concentration which is advantageous over 
the GTAW welding process5. Shanmugarajan et al.6 studied 
the metallurgical properties of autogenous laser welded P92 
material. They had performed macrostructure analysis to 
measure bead width and depth of penetration and concluded 
that with an increase in laser power, depths of penetration 
of the welds get increased. Generally in dissimilar welding 
processes, the filler metal composition and crystal structures 
are different from the base metals which in turn results in 
non-epitaxial growth and new grains will be nucleating at 
the weld fusion boundary7. The weld metal morphology in 
dissimilar joining was mostly cellular and dendritic influenced 
by the chemical composition, temperature gradient and 
solidification speed8. Cleiton Silva et al.9 evaluated dissimilar 
welds between ferritic and austenitic steels and concluded that 
the fusion zone microstructure has a characteristic δ-ferrite 
acicular morphology, from which the amount of δ-ferrite got 
changed with the increase in heat input. The solidification 
morphology studies revealed that Inconel 600 and AISI 
304 joints must be cellular-dendritic and the HAZ needs to 
be totally austenitic10,11. Schneider et al.12 accomplished a 
substantial improvement of process stability by optimizing 
the shielding gas flow rate for suppressing the vapor plume. 
Bhaduri et al.13 conducted experiments on Incoloy 800 to 
9Cr-1Mo dissimilar welding and suggested that the effect 
of aging on the tensile properties was very less. Several 
results had stated that solidification cracking was reduced 
by keeping a considerable amount of delta ferrite (3-10%) 
in the weld, which efficiently reduced the grain growth and 
increased the mechanical properties14,15. In most of the works 
related to laser welding processes, Nd: YAG fibres are used 
and only a very few works have been done using Yb: YAG 
fiber which has comparatively lesser wavelength than the 
Nd: YAG lasers. Lesser wavelength of laser will help in 
increasing the absorption. Deepan Bharathi kannan et al16 
successfully used Yb: YAG fiber laser for joining NiTinol 
shape memory alloys.

Through literatures it is understood that, no work has 
been are done related to joining of P91 and Incoloy 800 
HT alloys. With the development of next series in 800 
alloys called Incoloy 800 HT, it has further widened the 
possibility of increasing the temperatures and pressures 
inside the boilers as they have better properties at higher 
temperatures than 800 alloys. General problems associated 
with GTAW welding are the interpass temperature required, 
number of passes required to attain full penetration, preheat 
temperatures and the selection of correct filler material. Hence, 
the alternate option will be the other welding processes like 

laser welding which has the capability to weld thick plates 
even in a single pass and results in lesser heat affected zone. 
Hence in this work for the first time an attempt is made to 
join P91 and Incoloy 800 HT steels using Yb: YAG laser 
welding process. Shielding gas with the help of two nozzles 
was initiated in our research which is not so far carried out 
in these materials. The essence of this study comes with the 
feasibility of the dissimilar weld and also the analysis of the 
mechanical properties and Microstructural characterization. 
Which are in turn useful for the power plants and some high 
temperature applications.

2. Materials and Methods

 The materials selected for these studies are Incoloy 800HT 
and P91. Chemistry of the base materials were analyzed 
using spectroscopy method and the same is given in Table 1.

The dimensions of the plates were 200 mm*150mm*4 
mm and laser butt welding experiments were carried out 
using power capacity of 4kW 6-Axis KUKA robot Yb: YAG 
laser welding solid state laser (focal spot size was maintain 
at 0.2mm, wavelength:1030nm, Beam diameter: 0.22mm 
as constant). Laser welding input parameters are given in 
Table 2. Three experiments runs were conducted by varying 
laser power in three different ranges keeping the welding 
speed at a constant value. Through trial and error methods, 
we have identified the following parameters

            (1)

            (2)

Where the laser powers (P), laser beam diameter (D), 
welding speed (V) respectively.

It is understood that with an increase in laser power, 
there is a steady increase in the heat input to the weld which 
in turn increased the volume of the metal melted. A trend in 
increase in tensile strength was observed with an increase 
in laser power. Ytterbium Continuous wave (YCW) mode 
fiber laser welding of 4 mm thick dissimilar plates was 
investigated. The general schematic of laser welding is 
presented in Figure 1.

To avoid fusion zone contamination, argon (Ar) was used 
as a shielding gas with a constant flow rate of 14 lpm. After 
welding, the samples were cut using the abrasive cutting 
machine in the required dimensions and conventionally 
arranged for metallographic analysis. The cross sections 
of the weld were polished using 300,600, 800,1000, 1200 
grades emery sheets of SiC followed by fine polishing by 
automatic polishing machine with 5µm alumina powder and 
an air blower was used to dry the specimen.

 After polishing, electrolytic etching was done in two 
solutions namely 10g, of CrO3 +100ml distilled followed by 

/Heat Input laser power welding speed=

/intSpecific Po Energy P x D V= Q VPoint 
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Table 1. The chemical composition of the base material (wt-%):
 C S N Cr Ni Mn Si Ti Cu P Al Co Mo Nb V Fe

INCOLOY 
800HT 0.06 0.002 0.013 20.63 30.56 0.69 0.46 0.34 0.10 0.008 0.87 0.08 - 0.01 - 46.17

P91 0.11 0.0038 - 9.46 0.09 0.46 0.31 - - 0.015 - - 0.88  0.06 0.20 Bal

Table 2. Laser welding input parameter

 Laser Power
(kW)

Welding Speed
( m/min)

Heat Input
(KJ/cm)

Specific pointenergy
(J)

Experiment 1 2.4 1 1.40 32.18

Experiment 2 2.5 1 1.50 33.50

Experiment 3 2.6 1 1.56 34.87

Figure 1. Schematic of Laser welding

Villella's reagent solution 1g, of C6H3N3O7 + 5ml of HCL + 
100ml of C2H6O. Macrostructures of the weldments were taken 
using Welding Expert System software (Struers, Austria) with 
the magnification range of 20X. Moreover, microstructures 
were analyzed using the optical microscopy (Make: SuXma 
series MET-UI). X-ray diffraction (XRD) was performed to 
confirm the phases present in the base metalsand weld metals. 
Fisher ferritoscope (Fisher SMP30) was used to measure 
the δ-ferrite content in the welds. Elemental composition of 
the welds was measured by Scanning electron microscope 
(Make: ZEISS EV018) equipped with Energy dispersive 
spectroscopy (EDS). Microhardness values of various zones 
were assessed based on the standard ASTM E384 using 
Vickers microhardness tester (Make: Wilson Hardness 402 
MVD). Microhardness values were measured by applying 
a load of 500 g for a dwell period of 10 sec. The welded 

plates were cut according to the ASTM E8/E8M standard 
with a gauge length of about 50 mm using wire cut electric 
discharge machine(W-EDM) for tensile tests and the tests 
were carried out using the Universal testing machine (MAKE- 
Tinius Olsen) .The ultimate tensile strength and elongation 
(%) were determined. To understand the fracture modes, 
fractography analyses were also done by using scanning 
electron microscope (Make: ZEISS EV018).

3. Results and Discussion

3.1 Macrostructures of the weld

Macrostructures of the welds zone are shown in Figure 
2(a-c).

Dye penetrant test and X-ray radiography were done 
for the welded plates. The results revealed that for except 
porosity defect for experiment 1 other welds did not reveal 
any surface or hidden defects indicating that welds were 
undamaged and were of good quality.

 The measured bead geometry values are presented 
in Table 3. From the Tabulated values it is clear that the 
increase in laser power leads to increase in the bead width 
with very minimal difference. The bead geometry (bead 
width, depth of penetration) of the laser welding depends 
on rate heat input, power intensity and physical properties 

Figure 2. Macrostructures of three different weld zone. (a)Experiment 1(b) Experiment 2 (c) Experiment 3
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Table 3. Measured bead geometry values.

 Topbead width
(mm)

Middle bead width
(mm)

Bottom bead width
(mm)

Depth of Penetration
(mm)

Experiment 1 2.700 0.901 1.264 4.125

Experiment 2 2.750 0.903 1.273 4.128

Experiment 3 2.925 0.916 1.505 4.135

of the material. Beat geometry analysis also indicates that 
the materials were sensitive to laser power and any small 
variation in laser power will have an impact on the geometric 
parameters of the formed weld bead. From Table 3, it is 
clear that the marginal increase in the depth of penetration 
is due to increasing the Laser Power and by increasing the 
Laser Power, heat input also increases in the laser welding 
process. Also the heat input is inversely proportional to the 
cooling rate hence if higher cooling rate prevails in weld, 
fine grains are formed and also coarser grains are formed in 
increasing laser power with same welding speed.

Macrostructures of welds with the welded parameters 
had shown good fusion for all experiments and in experiment 
2 and 3 the macrostructures appeared without any defects 
but in experiment 1, porosities can be seen. The samples 
welded under insufficient arc shielding gas had the greatest 
possibility for porosity17.

In laser welding, transformation energy through keyhole 
mechanism was used, which resulted in maximum material 
melting. In this work, weld beads of all three experiments 
showed full penetration and the weld beads were of keyhole 
shape. The formation of porosity was directly related to 
keyhole fluctuation. During welding, the depth and shape 
of the keyhole got varied and bubble might be produced at 
the bottom of the liquid melt pool. The bubbles stopped in 
solidified metal, so it results in the formation of keyhole 
induced porosity. The distribution of the pores was not 
even throughout the weld and also the shape was spherical 
as well as irregular. Weld porosities are a direct function of 
the laser power and welding speed. The porosity diameter 
increased at constant heat input. Porosity defects were seen 
in experiment 1, and this was due to key hole instability and 
high beam power in laser welding18.

3.2 Microstructures of base materials

3.2.1 Microstructure in base metal incoloy 800HT

 The microstructure, SEM and EDS analysis of the as 
received base material Incoloy 800HT, are shown in Figure 
3. The Incoloy 800HT has equiaxed grains of austenite with 
infrequent twinning. It consists of microstructure with solid 
solu tion matrix in which some grains are outlined by the 
precipitate particles at the boundaries and by twining lines 
which are shown in Figure 3(a). 

As shown in Figure 3(b) titanium carbide (TiC) and 
titanium carbonitride (TiN) were formed during high 

temperature exposure due to 0.36% titanium and 0.09% 
carbon in the Incoloy 800HT19.The grain structure indicates 
substantial prolonged deformed grains of austenite, some of 
which were encompassed by fine grains formed by dynamic 
recrystallization. It can be cleary seen that TiN and TiC do 
not dissolve easily during solution annealing even if high 
soaking temperature are employed3. The major elements 
present in Incoloy 800HT are Fe,Ni,Cr that are observed 
from EDS analysis as shown in Fig .3(c). The average grain 
size found by the mean intercept method is about coarser 
ASTM 5 (grain size-64 µm).

3.2.2 The microstructure of P91 base metal

The microstructure, SEM and EDS analysis of the as 
received base material P91, are shown in Figure 4

The microstructure of P91 consisted of tempered 
lath martensitic structures, as shown in Figure 4(b), with 
expressed grain boundaries Figure 4(a). The P91 high alloy 
steel was strengthened by using precipitation hardening 
in addition to solution hardening, dislocation hardening, 
and boundary or sub-boundary hardening mechanism. In 
P91, grain boundaries were present in two different types: 
carbonitrides and intermetallic.M23C6, MX, M6C, M7C3 type 
carbides were present when the predominantly available 
metal was found to be chromium (Cr), and where M is Cr, 
Mo, Nb, V type metallic elements and X is the Carbon and 
nitrogen atoms. M23C6 precipitates volume percentage was 
almost 2% and rod shaped and MX precipitates was close 
to 0.2% and the shape was spherical. In P91 base metal, 
the major elements are Fe and Cr and it was confirmed by 
EDS analysis as shown in Figure 4(c). The average grain 
size found by mean intercept method is about 22 µm as per 
ASTM No 8 method.

3.3 The microstructure of fusion zone

In experiment 1, weld metal microstructure solidification 
changed from cellular to fine equiaxed dendritic because of 
low heat input which resulted from the higher cooling rate 
and therefore a finer microstructure. In the weld metal region 
austenitic-ferritic (AF)/ferritic-austenitic (FA) modes of 
solidification occurred and it is clearly seen in Figure 5(a).

A dissimilar joint was obtained and it demonstrated an 
inhomogeneous microstructure containing a blend of ferrite 
and austenite hardening structures in differing degrees 
because of an incomplete mix of the liquid metals on both 
sides in the weld. During solidification of weld pool thermal 
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Figure 3. Microstructure, SEM and EDS analysis of the as received base material Incoloy 800HT (a) optical Microstructure of 
Incoloy 800HT base metal (b) SEM images of cubic precipitates (c) EDS analysis of Incoloy 800HT base metal

Figure 4. Microstructure, SEM and EDS analysis of the as received base material P91 (a) optical microstructure of P91 base metal 
(b) SEM images of lathe martensite structure (c) EDS analysis of P91 base metal
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Figure 5. Microstructure, SEM and EDS analysis of the experiment 1 (a) optical micrographs for experiment 1 weld zone 
microstructure (b) SEM Images weld zone microstructure (c) EDS analysis for dendrite region

contraction stresses are developed that are sufficient enough 
to break the dendrite arms creating sufficient nucleation 
sites to develop cellular structure. If the thermal stresses 
are high enough cellular structure is developed in the weld 
pool otherwise dendritic structure prevails in the weld zone 
and some dendritic growth was observed in the fusion zones 
as shown in Figure 5(b). EDS analysis of the weld zone 
illustrated that it possessed major elements: Fe, Cr, Ni, Mn 
and Si, Mo, Ti, C, F elements were also present in minimum 
amounts as shown in Figure 5(c). Therefore, chromium, 
molybdenum, iron, nickel, titanium, silicon can diffuse from 
the weldmetal to the base metal, so to form a secondary 
precipitates. But carbon diffused from weld metal to base 
metal and in the weldmetal presence of Ti, Ni, Cr, and Mo 
precipitates is confirmed by EDS analysis20. The OM, SEM 
and EDS analyses of the fusion zone of the experiment 2 
are shown in Figure 6.

In experiment 2, solidification rate R and temperature 
gradient G together control the solidification microstructure. As 
solidification rate increases, the temperature gradient gradually 
decreases. The ratio G/R controls the solidification mode 
while the product G * R controls the size of the structure7. 
Owing to higher G/R ratio in fusion line, solidification occurs 
(cellular) towards the center and hence the dendritic growth 
occurred in the center of the weld. Due to the steep thermal 

gradients near the fusion boundary, equiaxed dendrites were 
visible in the weld interior because of lower G/R ratio as 
shown in Figure 6(a) and columnar dendrites were also seen 
as shown in Figure 6(b).

EDS analysis of the weld zone illustrated the presence 
of major elements: Fe, Cr, Ni, Mn and Si, Mo, Ti, C, F 
elements were also present in minimum amounts in addition 
to sulphur as shown in Figure 6(c). Therefore, chromium, 
molybdenum, iron, nickel, titanium, silicon can diffuse 
from the weldmetal to the base metal, so to form secondary 
precipitates. But carbon diffused from weld metal to base 
metal and in the weldmetal presence of Ti, Ni, Cr, and Mo 
precipitates is confirmed by EDS analysis20.

Furthermore, the degree of under cooling was inversely 
proportional to the G/R ratio. The regions adjacent to fusion 
boundary had sharper thermal gradients than in weld interior5. 
Dissimilar metal Incoloy 800HT and P91 steel laser beam 
welds contain finer grains because of rapid cooling rates 
since δ-γ transformation is a diffusion controlled process and 
the rapid cooling in the welding does not furnish adequate 
time to finish the phase transformation, consequently, a 
huge portion of primary δ-ferrite is retained in weldments21.

OM, SEM and EDS analyses of the fusion zone in 
experiment 3 are presented in Figure 7 regarding the laser 
Power, higher the laser power, coarser was the dendritic 
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Figure 6. Microstructure, SEM and EDS analysis of the experiment 2 (a) Optical micrograph for experiment 2 weld zone microstructure 
(b) SEM Images weld zone microstructure (c) EDS analysis for dendrite region

structure because of reduction in cooling rate as shown in 
Figure 7(a). Although laser power altered the microstructure 
morphologies, it employed the most significant positive 
impact on the weld width, weld penetration depth while 
opposite phenomena were observed for welding speed. Also, 
because of higher laser power and slower welding speed there 
existed a higher rate of energy deposition on the weld area.
This accounts for fewer variations in the Microstructural 
aspects for the dissimilar joints obtained.

Metallographic examination using ferritoscope revealed 
that the ferrite content in these regions were 8.5 to 37.6%. 
The microstructure of the regions that solidified in the 
primary austenitic mode was coarser with a limited amount 
of δ-ferrite which were distinguished in the intercellular 
boundaries as shown in Fig. 7(b). However, greater amount 
of vermicular ferrite was seen in the regions that solidified 
in the FA modes.

Toughness of austenitic stainless steel can be reduced 
by the presence of ferrite in the microstructure. Addition 
of Fe in the chemical composition of nickel based alloy 
will decrease the solubility of Nb in austenite. Equilibrium 
distribution Nb decreases as the Fe content in the fusion 
zone increases22.

Lack of deposited elements like sulphur, Mo and the 
major elements like Fe,Cr,and Ni are well known for their 
low tendency to get deposited in the interdendritic and 
intergranular regions as shown in Fig .7(c). Moreover, the 
grain size measured for the experiment 2 was about 13 µm 
whereas in other two experiments it was approximately 
about 11 µm.

3.4 Microstructure at the interface on the both 
side

The interface on the weld zone on the P91 side and 
Incoloy 800HT side are shown in Figure 8(a) & (b). From 
the optical micrograph analysis it is clear that grain growth 
occurred from base metal to weld metal and the change in 
the microstructure of weld zone was analysed. By EDS 
analysis, the element transfer from the base material to weld 
metal after welding can be studied.

3.4.1 Microstructure at the interfaces of Incoloy 
800HT side

 The microstructures at the weld interfaces of Incoloy 
800HT side are shown in Fig 9. Weld metal microstructures 
showed fine equiaxed grains on the Incoloy 800HT side.
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Figure 7. Microstructure, SEM and EDS analysis of the experiment 3 (a) Optical micrographs for experiment 3 weld zone microstructure 
(b) SEM Images weld zone microstructure (c) EDS analysis for dendrite region

Figure 8. Interface on the weld zone on the P91 side and Incoloy 800HT side (a) optical micrograph interfaces between base metal and 
weld metal middle surface (b) interfaces between base metal and weld metal top surface
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Figure 9(a) shows the Optical microstructures and the 
subsequent SEM image of HAZ is shown in Figure 9(b). The 
HAZ on Incoloy 800HT side did not exhibit any allotropic 
transformation because of fully austenite structure. As 
observed, the fine equiaxed grain size was about 200-300µm 
and annealing twins of thickness of about 100µm coexisted 
in HAZ, and TiN and TiC precipitates were formed after 
welding in HAZ zone.

The large elongated cellular and dendrites grew perpendicular 
to the fusion boundary in the epitaxial growth structure. It is 
important to mention that two types of boundaries namely 
Type I and Type II were seen. Difference between the type 
I and type II is that in type I, the boundary is in a direction 
roughly perpendicular to the fusion boundary caused by 
epitaxial growth as observed generally in similar base and 
filler materials. In type II the boundary is in a direction 
parallel to the fusion boundary, Owing to the allotropic 
transformation in dissimilar welding during cooling at the 
fusion boundary, type II boundaries were observed more 
when compared with type I20.

The extensive lengthened cell and dendrites developed 
opposite to the combination limit in the epitaxial development 

structure. It is intriguing to note two sorts of limits named 
Type I and Type II. The Type I length was shorter as clearly 
shown in Figure 9(b).

In the Interface of Incoloy 800HT weld metal side, due to 
the effect of heat input, grain growth can be seen in the heat 
affected zone and in the fusion zone. The grains in the fusion 
zone were perpendicularly grown in the initiation process 
which is called epitaxial growth22. The epitaxial growth is 
useful to increase the strength and ductility of weld metal.

The major and minor element present in the interface 
after welding were shown in Figure 9(d). From the EDS 
elemental analysis it is clear that some of the major element 
like Fe, Ni, Cr, were transferred from base metal side to 
weld metal and minor elements such as Ti, S, C, had the 
possibility to form new precipitates like TiN, TiC, etc. and 
it was confirmed through XRD analysis. And also higher 
magnifications in interface dendritic arms between precipitates 
are presented is clearly seen in Figure 9(c). Consequently, 
strength and hardness got increased in the fusion zone. In 
the interface between the weld zone and the Incoloy 800HT 
austenitic dendrites were formed during solidification, which 
was accomplished by the high level of Ni in this region that 

Figure 9. Microstructures at the weld interfaces of Incoloy 800HT side (a) optical micrograph of interfaces between weld metal and 
Incoloy 800HT base metal (b) SEM images weld zone microstructure (c) Higher magnification of interface (d) EDS analysis of interfaces 
between weld metal and Incoloy 800HT base metal
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was confirmed from the EDS results. Hence, the fusion 
zone comprised only austenitic phase in the areas close to 
the Incoloy 800HT interface side8. The crystallographic 
alignment bonding between the δ-ferrite and the austenite 
governs the ferrite morphology after the post-solidification 
transformation7. It was found that reduction of the impact 
toughness of the welds was due to increase in the quantity 
of δ-ferrite in the weldments.

3.4.2 Microstructure at the interfaces of P91 side

The microstructures at the weld interfaces of the P91 
side are shown in Fig 10.

It is believed that such a distinction in microstructure 
at various areas of the welding bead as appeared in Figure 
10(a).mainly comes about because of the thermal gradient 
shift amid welding process. At the point when the welding 
bead moves, more refined microstructure with cellular 
morphology was formed because of the rapid heating and 
cooling at the top of the bead. The dendritic structures were 
created by reheating and cooling during overlapped weld bead 
movement. The cooling rate ought to be the principle reason 
for the change in microstructure from cellular to dendritic

The microstructures in the fusion zone were formed due 
to solid phase transformation and solidification behaviour, 
which in turn were controlled by weld cooling rates and 
chemical compositions. The melting ratio of the two 

materials to be welded predominantly decides the chemical 
composition in the fusion zones. The width of the HAZ is 
high compared to Incoloy 800HT side , because of the fact 
that the coefficient of thermal expansion (CTE) of austenite 
being higher than that of ferritic, and the thermal conductivity 
of austenite being lower than the ferrite and these features 
result in a higher level of thermally generated stress23. The 
large elongated cellular and dendrites grew perpendicular 
to the fusion boundary in the epitaxial growth formation as 
shown in Figure 10(b).

 The fusion zone microstructures were formed as an 
effect of solidification behavior and forthcoming solid-phase 
transformation, which in turn was governed by cooling 
rates and chemical composition. Furthermore, the chemical 
composition in the fusion zone of a dissimilar weldment relies 
on the welding process parameters. Thus, the fast cooling 
rates are typical in laser welding which is accountable for 
the development of very fine dendritic structure in the fusion 
zone. Also, the average grain size of the weld was about 
11 µm (ASTM No- 10). In P91 interface, the weld zone 
solidified into δ-ferrite, which was recognized by higher 
levels of Cr and Fe in this region measured by using EDS as 
shown in Figure 10(c). The results of EDS analysis showed 
the composition of such phases as mainly Fe, Cr and Ni and 
the component of Fe may be the few- rich bcc solid solution.

Figure 10. Microstructures at the weld interfaces of P91 side (a) optical micrograph of interfaces between weld metal and P91 base 
metal (b) SEM images(c) EDS analysis of interfaces between weld metal and P91 base metal
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3.5 EDS colour mapping of the weld

 The SEM image of Experiment 3 is shown in fig 11(a). 
The colour mapping of the welds from EDS analysis is 
shown in Figure 11(b). 

The compositional colour mapped images displayed 
the elemental distributions for the weld. In the elemental 
compositional maps, bright colours represented the regions of 
higher concentration elements and slightly dull colour showed 
the lesser concentration elements. In the weld, elemental 
distributions of Fe, Cr, Mn were more where distributions 
of elements like Si ,Ti were less. Moreover, EDX element 
mapping of Experiment 3 is shown in Fig 12.

The EDS mapping analysis of weld zone shows the different 
elemental concentration and in the low density elements like 
(Si, Ti, N,C) intermixing were large as compared with high 
density (Cr, Ni, Fe) elements. Mn content in the inclusion 
was higher than that of the matrix. In addition to this, Mn-
depleted zone between the matrix and inclusion was seen.

This precipitates results were confirmed by EDS 
elemental mapping analysis in Figure 12. Same types of 
results have also been reported by others20. It has been 
reported that titanium nitrides or titanium carbide cannot 
be dissolved easily during solution annealing even if high 
soaking temperatures are employed.

3.6 X-Ray diffraction analysis

XRD analysis for both base and weld metal are shown 
in Figure 13. As observed from the patterns , the intensity 
of peaks increased based on the specific point of energy and 
peaks did not shift. However in the weld zone of Incoloy 
800HT and P91 joint brittle intermetallic compounds were 
formed for instance FeNi, TiFe2,TiNi, and Nbc. Formation 
of these intermetallic compounds effectively reduce the 
mechanical properties24.

3.7 Ferrite content

 Both Incoloy 800HT and P91 base metals were assumed 
to be in the equal level of dilution. The ferrite content of 
this dissimilar weld metal was predicted using WRC 1992 
diagram based on Cr and Ni equivalent values and it is shown 
in Figure 14. The ferrite level was measured to be in the range 
2-4 % for the weld metal. The ferrite content was analyzed 
using ferrites cope (Fischer) as extended ferrite number. In 
the Incoloy 800HT ferrite content was (0 to 0.25) and P91 
parent region ferrite content was of (65 to 77). On the other 
hand ferrite level range in the fusion zones of experiment 1 
was (3 to 25.8), weld zone experiment 2 was (1.7 to 5.1) and 
experiment 3 was (8.5 to 37.6). In heat affected zone (HAZ) 
region of Incoloy 800HT side ferrite content was (0 to 0.36) 
and P91 side ferrite content was (68-76)25 corroborating the 
predictions made using WRC 1992 diagram.

 The chemical composition of the base materials decides the 
solidification modes in the stainless steel weldments. Moreover, 
subsequent to solidification, solid-state transformations from 
the primary to secondary phase occurs26 and as a result, a 
combination of both austenite and ferrite is formed. From 
the WRC 1992 diagram in which Creq and Nieq were plotted 
in the abscissa and ordinates respectively as shown in Figure 
14, the solidification modes and δ-ferrite contents (ferrite 
no. FN) of the welds were predicted. In the fusion zone as 
the ratio was relatively high and also with lower welding 
speeds the solidification mode was first fully ferritic and 
then shifted to Ferritic-Austenitic FA mode20.

3.8 Microhardness

 The microhardness values across the welds were plotted 
in the graph as shown in Figure 15. It is illustrious that on 
the P91 Steel side, the hardness of the HAZ was markedly 
higher than the other areas in the weldments; however, on 

Figure 11. EDS Colour mapping of the weldmetal (a) SEM Image of Experiment 3 (b) EDS colour mapping of Experiment 3
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Figure 12. (a-i) EDS elements mapping of Experiment 3

Figure 13. XRD analysis of base and weld materials

the Incoloy 800HT side the variations in the hardness were 
insignificant.

The hardness in the HAZ of P91 was highest compared 
to other regions because of the martensite phase formed due 
to rapid cooling rates in the laser welding. Microhardness 
values were in the range of 150HV-190HV0.5 in the fusion 
zone (FZ), 403-432 HV0.5 in the P91 HAZ, 170-188 HV0.5 
in Incoloy 800HT HAZ, 218-238 HV0.5 in P91 base material 

Figure 14. WRC-1992 diagram of experiment 1,2 and 330

and 150-170 HV0.5 in the Incoloy 800 HT base metal. The 
microhardness value of the fusion zone comes between the 
microhardness values of the base metals. It is important to 
mention that steady increase in microhardness in the weld 
metal on crossing from the P91 to the Incoloy 800HT side till 
the weld center and gradually decrease in the microhardness 
can be seen. In Experiment 2, higher microhardness was 
obtained because of brittle intermetallic phases (FeNi, 
TiFe2,TiNi,) and also due to the low ferrite content. Moreover, 
because of the carbon movement from the 9Cr-1Mo alloy 
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Figure 15. Microhardness graph of three different welds

to the welds which in turn led to higher microhardness and 
obviously during tensile test, failure had occurred in the weld. 

3.9 Tensile strength

 To analyze the tensile strength and thereby to understand 
the failure spot and failure modes, transverse tensile tests 
were performed. The specimens before and after testing were 
shown in Fig 16. The samples of force and displacement 
curves are shown in Fig 17.

The tensile test results and the places of failure are 
presented in Table 4.

 The failures in experiment 1 and 3 occurred in the HAZ 
of Incoloy 800HT side. This can be attributed to the brittle 
intermetallic phases in the HAZ of the Incoloy 800HT 
side and also due to the lower ferrite content in this region 
compared to other regions because of the martensite phase 
formed due to rapid cooling rates in the laser welding. It 
may be seen from all weld properties listed in Table 4 that 
experiment 3 has considerably higher strength than the 
other two welds. As welding involves high temperature, 
the diffusion of atoms is better stimulated especially in the 
cases involving dissimilar welding. A transition zone gets 
formed along the fusion boundary which is chemically 
diverse compared to both the base metals. The intermetallic 
compounds formed play an important role in affecting the 
tensile strength of the material. This may be attributed to 
the fact that strong nitride/carbide forming elements, like 
Nb, Ti, V, etc., have incomplete solubility in austenite and 

Figure 16. Tensile specimens ASTM E23 standard dimension and 
after testing

Figure 17. Force-displacement graph for three different welds

Table 4. Tensile test experimental results

Weld Trials Ultimate Tensile Strength 
(MPa) Elongation(%) Places of Failure

P91 (RT) 635 21 -

Incoloy 800HT (RT) 530 60.157 -

Experiment 1 556 25.1 HAZ of Incoloy 800HT

Experiment 2 572 29.4 Weld

Experiment 3 604 38.6 HAZ of Incoloy800HT

ferrite, and usually the precipitates act as fine dispersal of 
carbides, nitrides and carbonitride and contribute to tensile 
strength on account of precipitation hardening27. Generally, 
precipitation hardening tends to increase the tensile strength. 
This may be the reason that the Tensile strength of joint 
3 gets increased when compared to the other two welds. 
Moreover, from the SEM images as shown in Fig 9(b) and 
(c) it is evident that Titanium carbide (TiC) and Titanium 
nitride (TiN) or carbonitride precipitates are formed at 
elevated temperature because of 0.06% carbon and 0.34% 
Titanium in Incoloy 800HT base metal. These observations 
are in line with Sayiram et al.3. This also confirms the above 
statement regarding the increase in the tensile strengths of 
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Figure 18. SEM fracture morphology at the fracture zone (a) experiment 1 (b) experiment2 (c) experiment 3

the joint 3 when compared with the tensile strength of other 
welds. The increase in the tensile strength may also be the 
result of the higher δ-ferrite content in Experiment 3 which 
drastically reduced the grain growth and it had deviated the 
crack propagation pathway. This is in line with the results 
obtained by Vashishtha et al28. It is understood that with 
increase in laser power, there was steady increase in the 
heat input to be weld which in turn increased the volume 
of the metal melted. A trend of increase in tensile strength 
was observed with increase in laser power.

3.10 Fractography of the tensile tested samples

 Fractography was carried out using SEM to observe 
the fracture modes; it contained uniform dimples as shown 
in Fig 18(a-c) which revealed that the failure took place in 
a ductile mode.

Considering the differences in the place of failures, it 
seems that the cause for these variations was the differences 
in heat inputs, which led to dissimilar grain growth in the 
failure locations. The dimples form by a process called micro 
void coalescence, where voids nucleate and unite to develop 
the final fracture surface that is dimpled. The general process 
is one of pore development in a particle, subsequently either 
by localized shear band slip deformation in the inter void 
ligaments or void growth and linkage29.

4. Conclusions

• Yb: YAG laser welding was successfully implemented 
for dissimilar welding of Incoloy800HT and P91 
steel and the following observations were made from 
the experimental work,Macrostructures of welds 
revealed full penetration for all three experiments. 
There were no visible defects in experiment 2 and 
3 weldments but weld obtained through experiment 
1 had some porosities which was attributed to key 
hole instability.

• The solidification mode in the weld changed from 
cellular to fine equiaxed dendritic on moving from 

interface to center region. G/R ratio controlled 
the solidification mode while the product G * R 
controlled the size of the grains. Owing to higher 
G/R ratio in fusion line, solidification occurred in 
cellular mode and lower G/R ration in the weld 
center resulted in equiaxed dendrites.

• Through EDS elemental mapping, it was found that 
weld had both low density elements (Si, Ti, N, and 
C) and high density elements (Cr, Ni and Fe). Fe 
additon in the weld metal decreased the solubility 
of Nb in austenite.

•  XRD analysis of dissimilar weld of Incoloy 
800HT and P91 joints revealed the presence of 
brittle intermetallic compounds such as FeNi, 
TiFe2,TiNi, and Nbc.

• Owing to the formation of martensite phase and rapid 
cooling, HAZ of P91 side had higher microhardness 
value than other regions.

• A trend of increase in tensile strength was observed 
with increase in laser power. Increase in the tensile 
strength was due to higher δ-ferrite content in 
experiment 3. The tensile failures in experiment 1 
and 3 occurred in the HAZ of Incoloy 800HT side. 
This can be attributed to the brittle intermetallic 
phases in the HAZ of the Incoloy 800HT side and 
also due to the lower δ ferrite content in this region. 
Fractography analysis of all the welded samples 
revealed ductile mode of failure.
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