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CHAPTER 6 

CONCLUSIONS 

The objective of this research work was to investigate the weldability of 

aluminide coated P91 steels. The aluminide coated 9Cr steel has many applications 

such as petrochemical plants, turbine-driven systems, automobile industry, and 

especially for test blanket module of fusion reactors. However, work related to the 

weldability of aluminide coated structures are scarcely reported and many issues are 

still unaddressed leading to lacunae. Issues such as the effect of al dissolution from 

coating into the weld, its effect on delta ferrite formation, grain size of weld metal and 

dissolution of inclusions were needed to be addressed as observed from literature 

review. Thus, this doctoral thesis work was an attempt to investigate the weldability as 

a primary step to applicability of such coated steels. Effect of Al contamination of 

weld on the microstructural properties and the weld profile was investigated using an 

autogenous TIG welding (bead-on-plate trials). This study revealed how the Al-rich 

coating would dissolve in the weld pool during welding and lead to detrimental 

effects. Consequently, a weld procedure considering a v-groove (edge preparation) 

was deduced to minimize the effect of Al on the resultant weld. Such a solution was 

assessed by mechanical tests to evaluate the acceptability of the resultant weld joint. 

The main conclusions are summarized below: 

6.1 Conclusions  
 

 The bead-on-plate trials using autogenous TIG welding revealed that the 

presence of alumina (Al2O3) on the top of coated samples resulted in an 

improved depth of penetration (DOP) due to arc constriction.  
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Presence of Al-rich coating in bead-on-plate experiments resulted in Al 

concentration of ~0.19% distributed across the weld zone. This Al content 

supports the formation of δ-ferrite (δ-Fe) in weld pool, which ultimately 

deteriorates mechanical properties of the weld joint. Results with bead-on-

plate trials show that the δ-Fe had an average volume fraction of ~5.09% in the 

weld metal against a maximum permissible value of ~15-17% [161]. The δ-Fe 

showed a microhardness of 192–198HV0.05. This microhardness is 

approximately half of the reported microhardness for martensitic laths (396–

410 HV0.05). 

 Kaltenhauser equation used for predicting the δ-Fe content was validated in 

this study against various other equations such as Schaffler, Schneider and 

New house. As per the equation, if an average Al content exceeds ~0.13 wt% 

then it would lead to possibility of delta ferrite formation.  

 The Al content in the weld metal was also observed to reduce the grain size. 

The prior austenite grain size in Al contaminated weld was found to be ~58 

μm, whereas that of uncoated weld metal was ~38 μm. Al has been reported to 

be a grain reformer leading to finer grain sizes [194] results of this study are in 

accordance with the above observation. 

 Conventional TIG welding process has been attempted with V-groove design 

as per ASME standards to restrict the -Fe formation within the permissible 

limit of 10 ferrite factor. The microscopic studies indicated the presence of 

alumina inclusion at the weld fusion line. Despite such inclusions, the 

observed tensile strength of the weld joint for coated steel is 648±16MPa, 
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which is in line with the weld joint of un-coated steel (667±14MPa) and 

substrate (643±18MPa).  

 The impact toughness tests of welds of coated and uncoated steels were carried 

out at 0°C,-25°C, and room temperature. Observed toughness values were 55 J 

and 52 J at room temperature for welds of coated and uncoated P91 steels 

respectively. These impact toughness values are found acceptable in 

comparison to the reported impact toughness of 45 J at room temperature 

[125]. 

6.2 Future scope  
 

The effect of Al contamination has been minimized. However, the resultant 

weld pool stands unprotected after the welding and the protection of such areas from 

high temperature corrosion would need to be addressed by an overlay deposition 

coating technique such as electro spark, laser based surface alloying and so on. An 

orbital TIG welding technique for coated tubes can be attempted to address the 

blanket specific applications for fusion reactors. The investigation of weldability of 

coated steels with different welding techniques such as, electron beam welding, 

friction stirs processing, laser welding and so on is yet unexplored. In addition, 

inclusions (Al2O3 and AlN) observed in a weld microstructure may affect the 

mechanical properties. Hence, a study on the effect of inclusions on creep rupture 

behaviour would be taken up in the future.   

Thus, the Aluminium contamination of the weld metal can be mitigated 

through the V-groove weld joint. It is suggested that the Al content of the weld metal 

should be < 0.13-0.15 % for a sound and acceptable weld quality. The optimized weld 
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process parameters in this study give an indication of the acceptability of the 

aluminide coated P91 steels. 
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9Cr-1Mo steels are structural steels extensively developed for power plant applications 

demanding higher creep resistance. Aluminide coating on 9Cr-1Mo steels is widely reported for 

enhancing service life conditions in numerous applications such as petrochemical plant, turbine-

driven systems, automobile industry and especially for test blanket module of fusion reactors. One of 

the critical issues associated with such aluminide coatings (α-Al2O3 + FeAl) is the fabrication 

sequence. Considering the candidate aluminide coatings for different applications, it appears that 

fabrication followed by coating may not be a good option as diffusion heat treatment after the coating 

may induce distortions. Alternatively, the second option involving coating process followed by 

fabrication poses uncertainties of weldability of coated steels. Further, the weldability of aluminide 

coated P91 steel is scarcely reported. Weldability of aluminide coated structures is thus an area with 

lacunae and has been attempted to be addressed in this doctoral thesis work. 

In this study, effects of aluminide coatings have been investigated by autogenous TIG 

welding through bead-on-plate trials. The weld microstructures were investigated using X-ray 

diffraction (XRD), scanning electron microscopy with energy dispersive x-rays (SEM-EDX) and 

microhardness tests. It was observed that the presence of alumina (Al2O3) on the top of coated 

samples resulted in an improved depth of penetration (DOP) due to arc constriction. The 

concentration of Al in the weld zone contaminated the weld metal and it supports the δ-ferrite 

formation which would deteriorate mechanical properties. Results with bead-on-plate trials show that 

the -ferrite had an average volume fraction of ~5.09% in the weld metal with an average 192–

198HV0.05 microhardness. This is approximately half of the reported microhardness martensitic laths 

(396–410HV0.05). To restrict the delta ferrite formation within the permissible limit, conventional TIG 

welding process had been attempted with V-groove design in accordance to ASME standards. The 

resultant weld microstructure has been analyzed with respect to defects in microstructures (inclusions, 

delta ferrite) presence of -ferrite. The microscopic studies indicated the presence of alumina 

inclusion at the weld fusion line. Despite such inclusions, the observed tensile strength of the weld 

joint for coated steel is 648 MPa16MPa which is in line with weld joint of un-coated steel (667±14 

MPa) and substrate (643 MPa18MPa). The impact toughness tests were carried out at 0C,-25C and 

room temperature indicate that there is no drastic effect of coating on weld joint and the observed 

toughness values are acceptable as per the reported data (45J). The present investigation would be 

helpful to understand the effect of aluminized coating on weldability for 9Cr-1Mo steels. 

Subsequently, the welding parameters deduced from this study can be utilized for the welding of 

aluminized 9Cr-1Mo steels for power plant, chemical processing industries and nuclear applications.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 
 

The continual quest for higher efficiency and productivity across the full band of 

manufacturing and engineering industries has ensured that the majority of modern-day 

components are subjected to increasingly harsh environments during the routine 

process. Because of this, the critical industrial components become prone to rapid 

degradation as the components fail to resist the rigorous operating conditions. This has 

taken a heavy toll on the industry’s economy. In an overwhelmingly large number of 

cases, some of the potential causes for accelerated damage of components and their 

eventual failure are due to aggressive environments, high relative motion between 

conjugation surfaces, extreme temperatures, and cyclic stresses. High-temperature 

processing is gaining importance in different sectors of industry, such as 

manufacturing, power generation, transportation, space, defense, environment (waste 

remediation) and so on. Particularly, high-temperature operation is of vital importance 

in the energy sector where the difference in temperature (ΔT) decides the efficiency of 

the power system. In other words, higher the operating temperature of power plants, 

better the efficiency of the power plant. The thermal efficiency of fossil-fired thermal 

power plants can be raised by reducing exhaust heat and heat-transfer losses. The limit 

has virtually been reached for reducing exhaust heat losses, which are mainly through 

the condensers for cooling turbine exhaust and boiler exhaust. Heat transfer losses, 

however, can be reduced by raising the pressure and temperature of the steam, but the 

extent to which this can be done is greatly influenced by the materials used.  
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The operating temperature and pressure of power plants are major factors for the 

consideration of a suitable material. The components operating at such high 

temperatures undergo microstructural changes over time and possible degradation 

such as creep, fatigue, hydrogen induced cracking, embrittlement, corrosion, and 

oxidation. Therefore, to improve the efficiency numerous studies on heat resistant 

steels, for instance, Chromium (Cr) and austenitic steels actively conducted since the 

early 1970. This allowed a significant progress to 9–12% Cr steels and austenitic 

steels [1-4]. The thermal efficiency of a steam-power plant can be improved 

significantly by increasing the temperature and pressure of the steam entering the 

turbine, an increase from 580 to 620 °C providing a thermal efficiency increase from 

38% to 42% [5]. 9% Chromium heat resistant steel with an alloying element 

Molybdenum is designed for use at elevated temperature because of its higher creep 

strength as well as better resistance to oxidation [4, 6-9]. Therefore, in recent years, 

the microstructure of the alloy and optimization of the compositions for the 9Cr steels 

have improved their creep strength so that increased service temperatures are now 

taken into consideration [10-13]. Owing to this, the 9Cr-1Mo steels also (referred as 

P91 steels) are widely adopted in power plants, incinerators and in the petrochemical 

industry as the boiler or heat-exchange material for use in high temperature 

environments [14-21].   

1.2 Performance issues of 9Cr-1Mo Steels  

 
The Cr-Mo steels have been in application for over forty years. It has been 

extensively used in energy sector for high temperature use, where Cr-Mo steels are 

subjected to different environments (water, air, steam, helium, liquid sodium and so 



 

3 
 

on.) depending on the application. The oxidation behaviour of 9-12%Cr steels has also 

been widely studied [22-27]. The bulk material strength and mechanical property 

degrades due to high temperature exposure. This also accelerates the reaction of the 

surface with the environment. Depending on the type of environment and the service 

conditions, a number of issues are generated which are undesirable for the reliable 

operation of the machines or systems. As a result, the mechanical properties of the 

material get modified with change in the environment. Some of the common issues 

associated with the surface are mentioned below. 

 High temperature oxidation [28-30] 

 Metal dusting  [31-33] 

 Liquid metal corrosion [34-38] 

1.2.1  High temperature oxidation 
 

 It is now widely acknowledged that the high temperature oxidation resistance 

of the 9% Cr steels could well be the factor that limits their maximum service 

temperature. Due to the limited amount of Cr present in the alloy, oxidation resistance 

may become the significant life-limiting factor in this case in particular if lifetimes of 

up to 100000 h are desired [18, 20, 28-30, 39, 40].  Fig. 1.1 showcases the oxidation 

behavior of 2.5Cr-1Mo steels and 9Cr-1Mo steels. The oxidation kinetics indicates 

parabolic rate law until 5000h, at which the rate becomes more linear [18].  Vossen et 

al. [28] also studied the mass change measurement as a function of oxidation time for 

different Chromium steels at 650 ºC and reported similar observations.   
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Figure 1.01 2.5Cr-1Mo and 9Cr-1Mo steels exposed to superheated plant steam 
[18] 

1.2.2  Metal dusting 
 

Metal dusting is a crucial issue related to high temperature processing under 

carbon rich environments having high carbon potentials (ac > 1). It is a form of 

catastrophic carburization that occurs in steels and iron (Fe), nickel (Ni), and cobalt 

(Co)-based alloys when exposed to process gas atmosphere of carbon monoxide (CO), 

Hydrogen (H2), and carbon dioxide (CO2) with some hydrocarbons at 400–800 ºC 

temperature. At such high temperatures, CO and H2 tend to dissociate on metal 

surfaces and form carbon. Many authors [31-33, 41] have reported the issue of metal 

dusting for 9Cr-1Mo steel. Rosado et al. [41] explained this phenomenon at different 

operational temperature as shown in Fig. 1.2. It should be noted that to address this 

issue, he also investigated different coatings as a solution on P91 steels where Al-

diffusion coating was protective at all temperatures.   
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Figure 1.02 Mass change measurements of coated and uncoated alloy P91 tested 
under metal dusting conditions at 400 C, 620 C and 700 C [41] 

 

1.2.3  Liquid metal corrosion  
 

Producing clean energy from thermonuclear fusion and hydrogen fuel-

driven power generating systems has been the main focus of research in recent times. 

One of the critical challenges in the march toward a demonstration of an engineered 

nuclear fusion reactor concerns the compatibility of materials with the 

potential coolants [42].  Liquid metals like lead (Pb) and its alloys, e.g., lead–bismuth 

eutectic (Pb-Bi) and lead–lithium eutectic (Pb–Li), have been proposed as potential 

coolants for advanced nuclear energy systems [43-51]. However,  liquid metal 

corrosion is one of the main issues studied a lot recently in the development of liquid 

metal technology with a P91 substrate [45, 52-56]. For instance, the corrosion rate 
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reported for modified 9Cr steel is 80µm/year at a flow velocity of 0.22 m/s in Pb-15.7 Li 

at medium temperature (480 C)[57]. Wulf et al. [58] studied the corrosion rates of 

Eurofer steel in flowing Pb-Li at 550 ºC with a velocity of 0.1 m/s for 10000 h. It has 

also been reported that aluminide coating through ECX process addresses the issues 

related to corrosion. The corrosion rate is reduced compared to bare Eurofer steel by a 

factor of up to 20. The same has been shown in Fig. 1.3. Under such conditions many

corrosion studies revealed high corrosion rates for a variety of 9Cr steels e.g. RAFM, 

Eurofer, MANET, CLAM, and F82H-mod. in the past  [59-61]. 

 

 

Figure 1.03 Comparison of the evaluated corrosion rates of ECX coated and bare 
Eurofer steel tested under similar conditions in flowing Pb–15.7Li (550 °C, 

0.1 m/s) [58] 

 
The corrosion rates were observed between 80 µm per year and 400 µm per year 

depending upon the flow velocity and testing temperatures which is very critical. [59, 
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62, 63]. So it is very essential to address liquid metal corrosion with a protective 

layer/coating over a substrate that can perform well against the discussed problem.  

1.3 Coatings: a decent solution 
 
 

The need for coating generates from the compatibility and functional 

requirements of the environmental and service conditions. With the above listed 

surface related issues for high temperature applications, it becomes inevitable to 

develop coatings that can combat the environmental conditions while being intact with 

the substrate. Coatings are not just important to protect the substrate, but to enhance 

the service life of components and thereby improve the reliability of the entire 

engineering assembly. The most widely used processes for generating coatings for 

high temperature applications are thermal spray, laser surface alloying, diffusion 

coating processes (e.g. aluminizing, chormizing, siliconizing and so on.) and vapor 

deposition techniques (e.g. CVD and PVD). Among which chromia (Cr2O3) and 

alumina (Al2O3) with Iron aluminides (FeAl) are the most common corrosion resistant 

coatings which have the potential to meet the requirements for high-temperature 

applications. Cr2O3 films have excellent resistance to hot corrosion, but their use 

beyond 850 C is not preferred as it transforms to a volatile CrO2 phase above 900C 

thus rendering the substrate unprotected. Therefore, Aluminide coating is more 

promising compared to other existing coatings. Additionally, alumina with iron 

aluminide offers excellent high temperature oxidation resistance, corrosion resistance 

in a liquid metal environment, protection against metal dusting, and so on which 

attracted the researchers in the last few decades. 
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1.4 Aluminide (Al2O3+FeAl) coating and its applications  
 

The aluminide coating consists of an alumina layer along with iron aluminides to 

avoid the thermal mismatch between the substrate and alumina. Alone alumina layer can 

lead to failure due to the large difference in the coefficient of thermal expansion between 

the substrate and oxide ceramic. The commonly adopted solution method is to form a 

functional gradient transition layer between the substrate and the alumina coating.  

Generally, the technique of thermal treatment followed by high temperature oxidation 

is employed to create aluminide coatings typically Al2O3+FeAl after Al deposition. 

Such iron aluminide coatings have numerous applications in different sectors of 

industry mainly in automobile, aerospace, petrochemical plants and power generation. 

Fig. 1.4 summarizes different applications of aluminide coated materials. 

 

Figure 1.04 Applications of Aluminide coatings 

 In Europe, Arcelor has developed and commercially launched an aluminized 

steel sheet product called USIBOR 1500 steel which is used for different parts such as 

bumper beams, door beams, and exhaust parts in the automobile industry. Similarly, 
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studies from Donaldson company product literature (2007) and AK steel corporation 

product data have mentioned the applications of aluminized steels. Aluminide Nickel 

base super alloys are also reported for aerospace applications in which aluminide 

coating has been developed on turbine blades and turbine vanes.  

 Aluminide coatings are explored as the potential to mitigate the different 

operational problems for the blanket module component for a nuclear fusion reactor 

device named ITER.  A blanket module has different operational conditions and 

functions such as tritium generation, the flowing of Pb-17Li at ~350-460 °C which raises 

the issues tritium permeation into the structural material (RAFM steels), corrosion and 

magneto hydro-dynamic drag (MHD) [64, 65].  As explained earlier the flowing of Pb-Li 

at higher temperatures will cause the corrosion and can plug or choke the pipes of the 

component [57]. The tritium permeation is also one of the critical aspects as the structural

materials such as Eurofer97, F82H ferritic-martensitic steels, and CLAM steels, 316L 

and 321 austenitic stainless steels are reported to have high permeabilities of hydrogen 

isotopes  [66]. These issues lead the scientific community to come up with a solution 

to resist the Tritium permeation in to structural materials for fusion reactors.  The 

development of tritium permeation barrier (TPB) can mainly be classified into oxides 

coatings as reported by different such as oxides Al2O3, Cr2O3 , Y2O3, SiO2, Er2O3, 

ZrO2 [67-82], non-oxide coatings (eg. TiC, TiN, SiC, Si3N4) [83-86], and their 

composites (eg. Cr2O3/SiO2, Al2O3/SiO2, TiC/TiN, FeAl/Al2O3, Al2O3/SiC, Er2O3/Fe) 

[87] have been reported for fusion blanket applications. Since the last decade, alumina 

coatings have been used extensively due to its excellent comprehensive properties 

such as high melting point, chemical stability, low hydrogen solubility and 

permeability.   

 



 

10 
 

1.5 Weldability issues of Aluminide coated steels 
 

Aluminide coatings (Al2O3 + FeAl) have been reported as candidates from  

performance perspective; however, one of the major issues associated with such 

coating is the joining process. Conventional fabrication processes would be a very 

important aspect in the development of new coating processes which can be 

implemented for the structural components. In fusion blanket module, there is an 

uncertainty like the module will be fabricated first and then coated, or coated first and 

then fabricated. Considering the candidate aluminide coatings for blanket applications, 

it appears that fabrication followed by coating may not be a good option as diffusion 

heat treatment after the coating may induce distortions.  

Alternatively, the second option involving the coating process followed by 

fabrication poses uncertainties of weldability of coated steels. Further, the weldability 

of aluminide coated 9Cr-1Mo steel is scarcely reported. There is a high possibility that 

the coating at the top along with iron aluminides (FeAl) will affect the weld 

metallurgy and consequently, the mechanical properties. The effects of coating on the 

weld microstructure will be also an important aspect as far as weldability is concerned. 

Some of the critical issues are listed below and all are elucidated further with respect 

to the weldability of coated steels.  

 Aluminium contamination in weld  

 Effect of coating on  weld bead (size and shape) 

 Delta ferrite formation in the weld metal 

 Aluminium segregation at the weld fusion line 

 Mechanical properties of weld joints 

 



 

11 
 

1.5.1 Aluminium contamination in weld 

 
The Aluminium concentration in the substrate or weld zone is very crucial as it 

is susceptible to cracking. The cracking susceptibility as a function of Al 

concentration has been investigated for FeCrAl alloys by Field et al. [88]. He reported 

that during conventional welding processes such as Gas Tungsten Arc Welding 

(GTAW) and Gas Metal Arc Welding (GMAW) of FeCrAl alloys, the phenomenon of 

cracking occurs when the Aluminum concentration in the weld metal is greater than 8-

11% approximately. Fig. 1.5 exhibits the results of cracking susceptibility as a 

function of Aluminium and Chromium concentration. Hence, Aluminium 

concentration plays a pivotal role in the weldability of aluminized coated steel. 

The coating contains iron aluminides as diffusion layer which is very sensitive to the 

welding speed and alloy content conditions [89]. These iron aluminides (intermetallics) 

are brittle and susceptible to cracking when welded [90, 91]. Heinz et al. reported that 

iron aluminides are difficult to weld as it has low plasticity and high spatial values 

which causes cracks during welding process [92]. One of the possible reasons behind 

such cracking is hydrogen embrittlement. The iron aluminides have been reported to 

experience low room temperature ductility due to their sensitivity to environment 

embrittlement [93, 94]. This embrittlement has been attributed to the release of free 

Hydrogen (H2) from a reaction between aluminium and water vapor which is reported 

as under. 

2Al + 3H2O  Al2O3+ 6H++6e-      (1.1)  [95] 
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Figure 1.05 Composition effect on the weldability of FeCrAl alloys after gas 
tungsten arc welding (GTAW) [88] 

 
The studies of Zacharia et al. reported the weld cracking at the centerline as shown in 

Fig. 1.6 due to the presence of Aluminium [96]. The detailed study and scientific 

explanation have been reported by Regina et al.  [97]. 

 

Figure 1.06 Optical micrograph of FA-41 weldment showing a centerline [96] 
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1.5.2  Effect of Coating on weld bead (Size and Shape) 
 

The weld geometry which includes the depth of penetration (DOP) and weld 

bead width are crucial aspects of weldability. The DOP and weld bead’s width are 

functions of weld current and travel speed. However, the coating at the top might 

influence the weld geometry as reported by many researchers. Author Park et al. [98] 

explained the effect of coatings on weld bead for ferrite stainless steels. They 

demonstrated the effect coating with respect to different heat-inputs for coated steels 

and uncoated steels. In their study, the welds have been prepared at different weld 

speeds with a constant current 90A. As shown in Fig. 1.7 1a, 1b, 1c, 1d and 1e shows 

the cross sections weld bead at different weld speed respectively, (a) 0.32 m/min,(b) 

0.42 m/min, (c) 0.52 m/min, (d) 0.60 m/min, (e) 0.64 m/min for uncoated steel. On the 

contrary, Fig. 1.7 2a, 2b, 2c, 2d, 2e show the depth of penetration and width of the 

weld bead is different at the same heat input (weld current and weld speed) are higher 

and more constricted. The study concludes that due to the Al-Si coating at the top 

different mechanism such as reverse marangoni conviction is responsible for higher 

depth of penetration in case of coated steels. Similar observations have been reported 

elsewhere [99] in which authors have investigated the effect of coating on the depth of 

penetration for Al-10%Si coated ferritic stainless steel with laser beam welding 

process. The comparison of cross sections for coated and uncoated steels has been 

shown in Fig. 1.8. Hence, it is essential to examine the effect of the coating on the 

depth of penetration and as well as weld bead width.  
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Figure 1.07 Cross-sections bead of the ferritic stainless steel 409L (1) and Al 
coated 409L (2) joints welded by various welding speed at welding current of 90 

A: (a) 0.32 m/min,(b) 0.42 m/min, (c) 0.52 m/min, (d) 0.60 m/min, (e) 0.64 
m/min[98] 

 

 
 

Figure 1.08 Cross-sections of welds with various welding speeds at laser power of 
5 kW: (a) 5 m/min, (b) 6 m/min, (c) 7 m/min, (d) 8 m/min, (e) 9 m/min and (f) 10 

m/min[99] 
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1.5.3  Delta () ferrite formation 
 

Another major concern is the delta ferrite formation in the weld metal during 

the welding of 9Cr steels. 9–12% Cr steels have one of the several sub-liquids phases 

depending on the temperature. During the process, the liquid metal solidifies as delta-

ferrite and transforms into austenite crystals. This process starts at around 1300 C and 

ends at 1200 C under equilibrium condition. However, this equilibrium 

transformation is not possible during weld cooling cycle due to the high cooling rates. 

Hence, it is possible that some amount of delta-ferrite is retained in the weld metal 

even at ambient temperatures and up to some extent in the heat affected zone [100]. 

Fig. 1.9 indicates the presence of delta ferrite formation for 9 Cr steels.  

 

Figure 1.09 Delta ferrite formation at weld interface of 9Cr Steel[101] 

The presence of delta-ferrite has been found to have detrimental effects on the 

toughness of base metal as well as welds [102]. With an increase in delta-ferrite in the 

matrix, a steep increase in the ductile brittle transition temperature (DBTT) has been 

observed and hence delta-ferrite is not preferable in the weld as it leads to a reduction 

in the notch toughness, creep ductility at high temperatures [103]. 

Delta ferrite formation has been reported for the weldments of coated steel too. 

Bertin et al. [104, 105] noticed that after the arc-welding of Aluminium coated steel, a 
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phase consist of delta ferrite formed in the welded joint and inferior the tensile 

strength. Literature suggests that the concentration of Aluminium is also a major 

concern as it supports the formation of delta ferrite. Briand et al. [106] determined the 

presence of Aluminium (>2%) in the weld pool, which gives rise to the form of delta 

ferrite and resulted in lower hardness in the weld zone. Delta ferrite formation may 

enhance solidification cracking, impair toughness due to notch sensitivity of the delta 

ferrite phase, and reduce the creep ductility at high temperature and so on in 9-12% Cr 

metals and welds [107]. Wang, P. et al. and Anderko, K. et al. reported that the 

presence of delta ferrite deteriorates the impact properties and raises the DBTT of the 

martensitic stainless steel [102, 108].  

1.5.4  Al2O3/FeAl segregation at the weld fusion line 
 

 The possibilities of segregation or accumulation of coating layer (Al2O3+FeAl) 

in weld metal are high. The alumina at the top will not get dissolved during the 

welding as it has a higher melting point (2200 C). Consequently, the alumina or iron 

aluminides may get dissolve in weld metal or it may remain present at the weld 

interface. Author Kong et al. [99] have done analysis with reference to the distribution 

of an Aluminium through electron probe micro analysis (EPMA). Fig. 1.10 shows the 

distribution of Al and Si concentration after the welding of Al-10% Si coated ferritic 

steel. The content of both Si and Al were high at the surface and in the fusion zone. 

Therefore, the consequences of dissolved Al and Si on the microstructure of the fusion 

zone was investigated using an optical microscope and SEM in the fully penetrated 

joint by Kim et al. [109]. The small amount of Al and Si was observed in the weld 

zone, which was dissolved from the coating layer. The plate interface was enriched 
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with Al and resulted in the formation of intermetallic compounds FeAl, FeAl3, and 

Fe2Al5. Therefore, it is very important to investigate the segregation of alumina or iron 

aluminide in the weld microstructure as it may alter the mechanical properties.   

 

Figure 1.10 EPMA mapping results showing (a) Al and (b) Si in weldments of  
[99] 

 

1.5.5 Mechanical properties of aluminide coated steels 
 

The most important aspect of weldability is mechanical properties such as 

tensile strength and impact strength. It is a common understanding that the tensile 

strength and impact strength should be in-line with the base metal. Therefore, 

mechanical testing is a crucial aspect of any weld joint. In addition, the issues discuss 

prior might have detrimental effects on microstructure and consequently the 

mechanical properties may get alter. Hence, the mechanical properties of the weld 

joint of coated steels need detail investigations. The fractography study of tensile 

sample and impact samples will also be very crucial as it will enhance the 

understanding of the effect of coating on microstructure. 



 

18 
 

1.6 Aim and Objectives 
 

The aluminide coating for different materials has been optimized 

microstructurally, however, the fabrications sequence is scarcely reported. Based on 

aforementioned issues, the aim is to address these lacunae with several sub-tasks and 

their objectives. One of the objectives is to investigate the effect of aluminide coating 

on weld bead dimensions. This is addressed by autogenous TIG welding bead-on-plate 

trials. Another important objective of this work is to examine the effect of Aluminium 

on weld microstructure. Bead-on-plate trials would thus reveal adequate information 

related to the effect of coating and Al concentration in the weld metal. Further, such 

an exercise would also provide data on possible optimization to achieve an acceptable 

weld microstructure and the same can be implemented with v-groove weld joint. 

Subsequently, the assessment of mechanical properties such as tensile strength and 

impact toughness of weld joint would be essential to demonstrate its engineering 

feasibility.   

The present study emphasizes the need to study weldability of aluminide 

coated steels. The study elucidates the following objectives 

Objectives 

 Investigations on the effect of coating on weld bead dimensions (Size and 

Shape) 

 Examine the effect the of Aluminium on weld microstructure 

 Assessment of mechanical properties of the weld joint with V-groove   
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CHAPTER 2 

EXPERIMENTAL WORK 

2.1  Materials and Methods  
 

The 9Cr-1Mo or P91 or Grade 91 steels were used in the experimental work as 

substrate material. The chemical composition of P91 alloy as confirmed by spark 

emission spectrometry (ASTM E415) is as given in table 3.01. The P91 steel 

confirming to ASTM A381 Grade 91 used in this study was manufactured by Arcellor 

Mittal, Belgium and were supplied in normalized and tempered heat treatment 

condition.        

Table 2.00.1 Chemical composition of ASTM A 387 GRADE 91 steel (P91) in wt% 

Elements 

C Cr Mo Si Mn Nb V Al S P Cu Ni N Fe 

0.09 9.30  0.88 0.20 0.45 0.088 0.20 0.04 0.01 0.02 0.10 0.20 0.07 Balance 
 

The experimental work comprises of three different parts as follows.  First part (Part I) 

covers aluminide coating processes with different steps such as hot-dipping followed 

by different heat treatments. Second part (Part II) focuses on welding process related 

to investigation of  weldability of coated P91 steel in comparison with bare (uncoated) 

substrates. The third part (Part III) comprises of Characterization and assessment of 

mechanical properties of welded coated and uncoated samples.. 

2.2 Part I - Aluminide coating process  
 

The aluminide coating process involves hot dip aluminizing followed by heat 

treatments such as normalizing and plasma tempering. The process flow chart is 
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shown in Fig. 2.01. Hot dip aluminizing of P91 steels was carried out as per the steps 

specified in IS:8508-2006. Commercial grade Al-Si alloy were manufactured locally 

and supplied by a foundry in Ahmadabad, India. Chemicals such as K2ZrF6  powder, 

COVERAL flux (Fosesco make) for Al drossing, acetone for ultrasonic cleaning, 

H2SO4  for pickling were used during hot dip aluminizing process. The coating 

process has been explained below in detail and later the heat treatments are also 

discussed.  

2.2.1 Hot-dip aluminizing (HDA) 
 

The hot dip aluminizing (HDA) process involves dipping of P91 steel 

substrates in molten Al-7%Si bath and slow withdrawal after a fixed dwell time of few 

seconds. The hot dip aluminizing was conducted following the standard IS: 8508-

2006. The sample preparation of P91 steel includes machining and polishing of the 

surface up to 2 delta surface finish. The P91 steel samples were wire cut in to different 

sizes. 75 x 25 x 5 mm samples were prepared for bead-on-plate TIG welding 

experiments and 150 x 100 x 5 mm samples were for conventional TIG welding 

experiments. The samples were suspended with a SS304 rod and subjected to 

ultrasonic cleaning in acetone for a period of 10 minutes. The ultrasonically cleaned 

samples were then subjected to pickling in 10% H2SO4 solution at 70-80 ºC for 20 

seconds. 
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Figure 2.01 Process flow chart of Aluminide coating 

 
This pickling was done to remove oxides from the surface. To avoid further 

contamination and improve the wettability with liquid Al, the P91 samples were 

treated with aqueous flux K2ZrF6 . The wettability of samples was increased with the 

help of 5% K2ZrF6 for a period of 5 minutes at 60-80 ºC and subsequently air dried 

prior to hot-dipping process.   

The hot dip aluminizing (HDA) involves dipping of P91 steel samples in 

molten Al bath and slowly withdrawing to form an Al coating on P91 steel substrates. 

The equipment used for this HDA process include a Roop Telsonic make 1.5 litre 

ultrasonic cleaner, Sartorius make weigh balance with an accuracy of 0.01 mg, a hot 

plate for heating the flux solution for sample preparation; and 2kW top loading box 

type resistance furnace (Fig. 2.01). . The equipment and process details are explained 

below. 
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Figure 2.02 Conceptual drawing of box type top loading hot dipping aluminizing 

(HDA) furnace 

 
The molten bath of Al-7%Si alloy was prepared by melting the Al-Si ingot bars in a 

graphite crucible in the top loading resistance furnace as shown in Fig. 2.02. Once the 

charge was melted, the molten Al-Si bath was held at 720 ºC as measured using the 

immersion type ‘K’ type thermocouple. The fluxed samples were then dipped in the 

Al-Si bath for a period of 30 seconds and slowly withdrawn and air cooled. This 

process is explained with schematic in Fig. 2.03. The as-coated HDA samples were 

then subjected to further heat treatment.  

2.2.2 Heat-treatment processes 
 

The samples after hot-dip aluminizing were weighed using a Sartorius make 

microbalance with an accuracy of 0.01 mg. The weighed samples were acetone 

cleaned and subjected to different heat treatments of normalizing (980 ºC/30 min) + 

plasma tempering (760 ºC/1.5 h) for facilitating diffusion as well as alumina 

formation. These heat treatments are denoted as route 1 (see Table: 2.02). Whereas in 

the Route 2, plasma oxidation heat treatment was conducted directly without 

normalizing up to 24hrs for 760 ºC. This was done to explore whether the required 

coating can be achieved without going to very high temperatures (980 C). 
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Figure 2.03 Schematic of different steps of hot-dipping process 

 
The heat treatment equipment utilized for the normalizing of aluminized samples is a 

tube type muffle furnace (See Fig. 2.04 (a)).  The tube type muffle furnace had a 

recrystallized alumina tube of dimensions Ø60 mm x 200 mm length wound with a 

nichrome resistance heater of 1 kW. The entire tube was enclosed in an SS enclosure 

and controlled using a variac and a controller linked to K type thermocouple.  The 

muffle furnace as used in experiments is shown in Fig. 2.04 (a). The plasma oxidation 

system was modified and altered as per required heating configuration (Fig. 2.04 (b)). 

As shown in Fig. 2.04 (b), the system has vacuum chamber Ø250 mm x 250 mm ht 

with heating arrangement, rotary vane type vacuum pump (21 m3/hr), vacuum gauges, 

precision gas dozing valve and 3A, -800V, 10kHz DC pulsed power supply for 

substrate biasing and plasma production [110]. Kanthal A1 (FeCrAl) heaters have 

been used under electrical isolation to avoid the glow discharge on the heating 
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elements. The chamber was cooled externally using cooling channels. The process 

parameters of both the routes are summarized in the table 2.01.   

 

 

Figure 2.04 a) Tube type muffle furnace b) Plasma oxidation system 
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Table 2.00.2 Heat treatment parameters after hot dipping process 

 Normalizing Parameters Plasma oxidation parameters 

Route-1 980 C/ 0.5 hours muffle furnace 760 C/  1.5 h in vacuum 
furnace with pulsed DC- O2 
Plasma @ 5mbar pressure 

Route-2 ---- 760 C/  24 h in vacuum 

furnace with pulsed DC- O2 

Plasma @ 5mbar pressure 

 

Two types of heat treatments were studied to analyse the phase formation of α-

alumina. The purpose of route 2 was to evaluate the effect of oxygen plasma 

environment on formation of α-Al2O3 as it was carried out for 24h. The normalizing 

process was eliminated in second route to achieve desired alumina layer without 

significant distortion. Another probable benefit on a larger scale is that the coating 

process can be completed with single heat treatment. The samples with effective route 

meeting required coating characteristics were then subjected to the welding processes.  

2.3 Part II – Welding processes 
 

There are several welding techniques reported for 9Cr-1Mo like manual metal 

arc welding, gas tungsten arc welding (GTAW) or TIG welding, submerged arc 

welding and so on [111-114]. Among these, TIG welding technique was selected for 

the present study as it is most widely used technique to weld the materials such as 

steels, aluminium and copper alloys. This welding technique delivers high quality 

welds with high purity. In TIG welding, an arc is formed between a non consumable 

tungsten electrode and the work (base metal), to create coalescence between two or 
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more metals. Non consumable electrodes come in various sizes and lengths, and are 

typically made of pure tungsten or an alloy of tungsten. TIG welding process has been 

adopted as standard welding practice for high quality engineering jobs related to 

precision fabrication jobs including space components, nuclear fission and fusion 

power plants and so on. As a result of its weld quality and wide spread applicability, 

the welding experiments were conducted with TIG welding process. The TIG power 

source (Panasonic) having a capacity of 200A with 25% duty cycle was customized 

with an additional attachment for torch movement was used for these welding 

experiments.  These equipments were assembled and used for autogenous TIG 

welding process available at Pandit Deendayal Petroleum University, Gandhinagar. 

This machine was developed under the sponsored research project from BRFST 

(Board of Research in Fusion Science and Technology) and have been used 

extensively for the TIG welding application by different authors [115, 116]. The set-

up is shown in Fig. 2.05 with special purpose machine, argon cylinder for shielding 

the arc, fixture and welding torch. Welding experiments with various types of TIG 

welding processes were carried out, i.e. (a) Autogenous TIG welding (b) Autogenous 

Activated TIG welding and (c) conventional TIG welding processes. The welding 

technique with the most acceptable weld profile was chosen for further testing and 

assessment. 

2.3.1 Autogenous TIG welding process  
 

With the necessary expertise and/or appropriate equipment, TIG welding can 

be performed manually, automatically, or by using a hybrid approach. Extensive 

welding trials for this research were conducted with autogenous TIG machine as well 

as conventional method. The coated and bare 9Cr-1Mo samples were welded to 
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optimize the weld parameters by preparing bead-on-plate welds (see Fig. 2.06). The 

bead-on-plate trials were conducted to investigate the effect of coating on weld 

microstructure as well as to analyze the depth and width of weld metal. The process 

parameters for bead-on-plate trials for both coated and uncoated P91 steels are 

mentioned in table 2.03. 

 

 

Figure 2.05 Autogenous TIG welding set-up [117, 118] 
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Figure 2.06 Schematic of bead-on-plate welding for aluminized coated steel 

The bead-on-plate welds were prepared by keeping the current constant and varying 

the travel speed for both coated and bare 9Cr-1Mo steels. All other conditions, like the 

electrode diameter, electrode tip angle, arc gap, gas flow rate and so on. were kept 

constant for both coated and bare samples. The trials were conducted four times to 

ensure the repeatability for the same and average values have been reported in this 

study. These process parameters were set to investigate the effect of coating on weld 

metal dimension and microstructure. By varying the weld speed at same welding 

current for both coated and bare P91 steel, the heat input was varied. Subsequently, 

the effect of interaction of arc with coated layers was briefly studied.   

Table 2.00.3 TIG welding parameters for coated P91 and bare P91 steel samples 

   
Welding current : 200A 
Creator current  : 160A 
Travel speed : 100, 125, 150 mm/min 
Electrode type : Tungsten (2% thoriated) 
Electrode diameter : 2.9 mm 
Electrode angle  : 18–20 (blunt ground at tip) 
Arc gap : 2–3 mm 
Gas flow rate : 10–12 l/min 
Welding position : 1 G (flat) 
Electrode extension : 5–6 mm 
Nozzle diameter : 8 mm 
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2.3.2 Autogenous A-TIG welding process  
 

Many advances have surfaced pertaining to TIG welding making the process 

more efficient and productive. The maximum weld penetration reported for the 

process ranges from 3.0 - 3.5 mm which makes the process incapable of welding 

plates of thickness 6 mm and higher in singles pass and autogenous mode [119]. The 

only option available to weld higher thickness was either double sided joint or 

addition of filler metal. However, both of these methods involved design 

considerations, escalation of cost and increased time for welding thereby reducing the 

productivity. A partial answer to the challenge was formulated by development of 

Activated TIG (A-TIG) welding process at Paton institute of electric welding in 1960 

at Ukraine[117, 120]. A-TIG welding is a variant of TIG welding process which 

employs a single component or mixture of chemical powder/s (termed as flux) in TIG 

welding process. The flux is converted to paste form by adding solvents (such as 

acetone, methanol and so on.) and applied on the upper surface of the plate [118, 121]. 

Standard autogenous TIG welding process is then carried out with the flux layer being 

in between welding arc and plate. An increase of about 300% in the weld penetration 

has been reported by researchers [122]. The schematic of A-TIG process is explained 

in Fig. 2.07 (a) [118, 123]. It contains three different steps. As mentioned the first step 

is weighing of flux which is calculated according to the area applied and density of 

flux. The second step is mixing of that flux with a solvent such as acetone. The 

solvent acts as a carrier when the flux is applied with the help of brush. Once the 

acetone evaporates, the TIG welding has been performed. Fig. 2.07 (b) shows an 

image of A-TIG process after the application of flux on weld coupon.  Once the 
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welding was done, the cross-sections of samples were investigated to examine weld 

metal microstructure as well as the weld’s bead width and depth.  

 

Figure 2.07 a) Schematic of different steps in Activated TIG welding process   b) 
Weld coupon with Activated flux before welding 

 

2.3.3 Conventional TIG welding process  
 

The major process parameters such as weld current and weld travel speed was 

optimized through bead-on-plate trials with the help of autogenous TIG welding 

process as mentioned earlier. The coating at the top lead to the formation of oxide 

inclusions and other deteriorating phases which further affects the mechanical 

properties.  In addition, to investigate the mechanical properties ASTM (American 

Society for Testing and Materials) standards were followed. Hence, the size of the P91 
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samples was modified and the coated P91 steel as well as the un-coated P91 steels 

were welded through conventional TIG welding process. The process parameters were 

utilized from the autogenous bead-on-plate trials. 

In conventional TIG welding, the accuracy is highly dependent on the qualified 

welder. Different parameters such as current and weld current, weld speed, 

intermediate temperature during multi passes, heat input were very critical to achieve 

defect free and sound weld. Consequently, the welding was carried out by the WPS-

PQR qualified welder for P91 steels. The coated and bare samples are having 

dimensions of 150mm x 100mm x 5mm as mentioned earlier. The v-groove design or 

edge preparation was made as per the ASME Section-IX, QW 200. The schematic is 

shown in Fig. 2.08. 

 

Figure 2.08 Schematic of  V-grove design before welding 

 

The details of V-groove design is as under. 

 Bevel angle - 30-35º  

 Filler – ER 90S-B9 

 Root face – 1.5 mm  

 Pre-heat temp.-200º-250º C 

 Root gap – 2-3 mm  

 Inter-pass temp.-250º-300ºC  

The samples after edge preparation were utilized for the conventional TIG welding. 

The welding parameters are mentioned in the table 2.04 which includes weld current, 

travel speed, voltage and average heat input for root pass and subsequent multi passes 

of TIG welding process.  
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Table 2.04 Conventional TIG welding process paramters 

Process 
(TIG) 

No. of 
Pass 

Current (I) 
Amp 

Voltage (V) 
volts 

Travel speed 
(T) 

mm/min 

Heat input 

root pass 01 115-120 11-12 V ~80 ~1.1 kJ/mm 

passes 1st 125-130 10-11 V ~70 ~1.4 kJ/mm 
2nd 125 12V ~75 ~1.3 kJ/mm 
3rd 130 12V ~70 ~1.4 kJ/mm 

 

Once the welding was done, the joints were subjected for radiography testing as per 

ASME section V article 2 procedures in as welded condition to ensure the weld is 

defect free. The weld joint for coated steel and weld for uncoated steel were defect 

free as per the acceptance standard ASME section IX QW 191.2.2. The welded plates 

were then subjected to post weld heat treatment (PWHT). The PWHT was carried at 

760C ± 5C for 2h which also supports the literature for 9Cr-1Mo steel weld joints 

[111, 113, 124]. The PWHT is required to eliminate the residual stresses because 

during the welding cooling rate was not controlled. This usually leads to residual 

stress formation and distortion consequently it can deter the mechanical properties.   

2.4  Part III - Characterization and assessment of mechanical 
properties  
 

The samples prepared with coating processes and welded samples with 

different techniques were subjected to different characterization techniques. The 

phases formed after the coating and welding process were analyzed with the help of 

X-ray diffraction method. Similarly the macro and micro-structure analysis was 

attempted by Optical microscopy and scanning electron microscopy (SEM). The 

different phases and micro- structural studies were then correlated with micro-

hardness. Finally, the examination of the mechanical properties such as tensile 
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strength and impact toughness of the welded samples (both coated and uncoated) were 

carried out. These different analyses along with machine’s details and testing 

parameters are explained one by one and analyzed in comparison with the bare P91 

(uncoated) weld properties.    

2.4.1 X-ray diffraction (XRD) 
 

The Phase analyses of 9Cr-1Mo steels were conducted by using X-Ray 

Diffraction (XRD) for different samples such as bare P91 steels (uncoated), after 

HDA coating and after heat treatment. The XRD machine is manufactured by Bruker, 

Germany (Model: D8 Discover) with CuKα radiation ( λ = 1.5406 Å). The 2θ 

scanning range was maintained from 20º to 100º at a scan speed of 0.5 seconds/step 

with an increment of (step size) of 0.01º. The resultant scan data was analyzed from 

the ICDD database reconfirmed using Bruker Diffract.eva software provided with the 

XRD system.  

2.4.2  Scanning electron microscopy (SEM) and Elemental analysis 
 

The surface morphological studies and cross-sectional microscopy was 

conducted using a scanning electron microscope (HR-SEM Model: Carl Zeiss, 

Supplier: VP Merlin, Germany). All the samples for morphological studies were gold 

coated using a thermal evaporation method to avoid charging effects. The samples for 

cross-sectional studies were hot mounted on a Cu base conducting mount and in a 

mirror polished condition. Elemental analysis was conducted on the samples using 

energy dispersive spectroscopy (EDS). EDS analysis was conducted using Bruker 

make Energy Dispersive spectroscopy attachment, with SEM. 
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2.4.3  Micro-hardness measurement  
 

Vicker’s microhardness test is an indication of local hardening effects in 

various parts of the weldzone. It also helps in corroborating the presence of a 

particular phase. The Vickers micro-hardness (Model: Mitutoyo, JAPAN) tests were 

performed at the cross-section of all the coated and heat treated samples. Micro-

hardness was measured in the molded specimens for both coated samples as well as 

the bare sample after welding in various regions such as base metal, heat affected zone 

and the weld metal across the cross-section. in the coated specimen. The hardness 

tests were performed at a load of 50gms with a dwell time of 10 sec. Measurements of 

multiple specimens and at multiple locations were taken and the average values are 

presented. 

2.4.4 Tensile Tests and Impact Strength 
 

Tensile strength and impact toughness of the weld joint were crucial properties 

for this study as they enable the applicability of the coated steels in selective sectors 

such as space, nuclear fission and fusion systems. Therefore, the effect of coating on 

microstructure and consequently on the tensile and impact properties needs to be 

investigated. The test samples were extracted transversely from the centre of the weld 

joint for both, tensile and impact testing (see Fig. 2.10). ASTM E8M-04 standard was 

followed for the tensile tests and dimensions are shown in the schematic (Fig. 2.09). 

The strain rate was 3 × 10−3 s−1 maintained for all the tests for both coated and 

uncoated samples. The cross-head speed was 1.97 mm/min and the tests were 

conducted on vertical tensile test machine (INSTRON 5980). 3 sets of samples were 

tested at room temperature to ensure the consistency of results. Similarly, Charpy V-

notched method was used on sub-sized samples (55mm x 10mm x 5 mm) for impact 
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toughness of weld joint. The schematic of impact samples is shown in Fig. 2.10 which 

is in line with the dimensions specified in ASTM: E23-12c standard. V-notch has been 

made at the centre of the weld so that the fracture will occur within the weld zone. The 

tests were carried out at room temperature, 0C, -25C with two sets where each sets 

has 3 samples for each condition. The average values were considered for analysis for 

both and tensile and impact tests. These conditions for tensile and impact testing have 

been already reported elsewhere [120, 125, 126]. The fractured surfaces have been 

analyzed and correlated with weld microstructure along with reasonable arguments 

and supporting literature.   

 

Figure 2.09 Schematic of welded plates with a) V-grove design b) Design of 
tensile and impact specimens 
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2.4.5 Fractrogaphy  
 
 To investigate the effect of coating on mechanical properties the fractured 

surface were investigated on macro and micro level. The mode of fracture and 

scientific explanation has been discussed in Chapter 5. This information was very 

helpful and it supported our scientific understanding. SEM was extensively utilized to 

analyze the fracture behavior of specimens. The details of fractrography along with 

different types of fractures and its photographs is illustrated in detail in results and 

discussion chapter 5. 

2.5 Complete flow chart of experimental work  
 

The flow chart of experimental work is illustrated on following page.  
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Figure 2.10 Flow chart of experimental work 
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CHAPTER 3 

EFFECT OF COATING ON WELD METALLURGY  

3.1 Introduction 
 

The aluminide coating process explained in the previous chapter generates an 

alumina (Al2O3) film followed by iron aluminides (FeAl) layer on the surface of P91 

steel substrates. These aluminide coatings have an Al reservoir of ~60-80 micronsin 

the diffusion coating. In order to understand the microstructure of the resultant 

diffused aluminide coating, the cross-section of coated samples was polished and and 

so on and followed by electron microscopy studies.  Layers of Al2O3 and FeAl could 

be distinctly identified in the SE image (see Fig. 3.01). The phases such as α-Al2O3 

and FeAl were confirmed through X-ray diffraction (XRD). The diffractrogaph of 

bare P91 steel and coated P91 steel is shown in Fig. 3.02. The Al2O3 oxide layer was 

confirmed by XRD in the heat treated samples. As shown in Fig. 3.02, the XRD 

spectra of bare GRADE 91 steel (substrate) revealed (110), (200), (211) peaks 

confirming the Fe-Cr alloy as per JCPDS the file no. 65-4607, while the XRD spectra 

of coated GRADE 91 steel indicates α- Al2O3 peaks from (012), (104), (110), (113), as 

per the JCPDS file no. 43-1484. 

Though these coatings have been reported as candidates from performance 

perspective, especially in high temperature applications for oxidation and corrosion 

resistance; one of the major issues associated with such coating is the joining process. 

It is not very clear whether the components should get fabricated first and then coated 

or coated first and then fabricated. It appears that fabrication followed by coating may 

not be a good option as diffusion heat treatment after the coating may induce heavy 

distortions.  Alternatively, the second option involving coating process followed by 
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fabrication poses uncertainties of weldability of coated steels as the wedability of 

coated steel is scarcely reported. Hence, it is a primary step to investigate the 

weldability of aluminized P91 steels.  

Published literature [98, 127] reveals that the Al present in the diffusion 

coating may alter the metallurgy of the weld metal upon welding and might 

subsequently deteriorate the mechanical properties. In order to do a preliminary 

assessment of the effect of Al on the resultant weld, a ‘bead-on-plate’ trial was 

required. This would reveal adequate information related to the Al concentration in 

weld pool, its effect on depth of penetration and microstructure of resultant weld pool. 

Further, such an exercise would also provide initial data on possible process 

optimization to achieve an acceptable weld microstructure. 

 

 

Figure 3.01 SEM image of cross-sectional microstructure of coated 9Cr-1Mo 
steel [128] 
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Figure 3.02 XRD spectra of bare and coated P91 steels [128] 

 
The optimized parameters would be crucial to attempt conventional welding for the 

coated steel as it will also provide the important inputs regarding heat-input. This 

chapter includes the results obtained through bead-on-plate trials by autogenous TIG 

welding process, microstructural observation and data analysis using different 

characterization techniques and results from the experiments so conducted.  . The data 

is published in fusion engineering and design [128]. 
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3.2 Effect of coating on weld bead   
 
The coated P91 steel contains an oxide layer of alumina at the top followed by 

a diffusion layer of FeAl. The oxide layer of alumina and iron aluminides has been 

confirmed through XRD results (see Fig. 3.02). These coated samples were then 

subjected to autogenous TIG welding process. The bead-on-plate trials were 

conducted with parameters mentioned in the Table 2.03 in chapter 2. The weld current 

was kept constant and the weld speed was varied to analyze the effect of heat input. 

These process parameters were chosen after rigorous feasibility trials.  

3.2.1 Arc constriction in coated substrate 
 

In TIG welding, the energy for melting the weld metal is obtained from the 

kinetic energy that is imparted to the charged species (electrons or positively charged 

ions). The coated and bare P91 samples acting as parent metal. The tungsten electrode 

was connected as cathode and the parent metal was connected as anode. The anode 

connection was grounded. Usually when a welding arc strikes between the tungsten 

electrode and the metal plate, it spreads in a limited exposed area owing to free 

electrons in metals showing a conducting path. In case of aluminized P91 samples, a 

thin insulating layer of alumina is present at the top surface exposed to the electrode. 

Hence, when the arc interacts with the top alumina layer, the electron does not get a 

free path to spread like in the bare material/uncoated steel. Due to this, constriction of 

arc takes place which increases the current density. Since more energy is dumped in a 

comparatively smaller area, the depth of penetration (DOP) increases and bead width 

of weld becomes narrower compared to that obtained in the bare P91 steel bead on 

plate. The schematic shown in Fig. 3.03 (a) illustrates the arc constriction mechanism. 

As visible in Fig. 3.03 (b) and (c), the width of arc bead (9 mm) in coated P91 steels is 
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narrower compared to the weld bead of bare grade 91 steel (11.5 mm) at same heat 

input. This phenomenon of improved depth of penetration due to coating is known as 

insulation effect and reported by Vilarinho et al.[129]. Similar mechanism is also 

reported in Refs. [130, 131] where enhanced depth of penetration was achieved for 

P91 steels. For coated steels, similar observations on higher depth of penetration were 

reported by Park et al. [98] using Al-8Si% based aluminized based coatings on ferritic 

stainless steels. The effect of alumina layer can be clearly indentified from the visual 

inspection at the sample surface.  

 

Figure 3.03 a) Schematic of arc constriction,  Surface appearances b) weld bead 
of 9Cr-1Mo steel, c) weld bead of coated 9Cr-1Mo steel [128] 
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Esme et al. [132] conducted an analysis of variance (ANOVA) study on the 

most significant parameter affecting weld bead in TIG welding process and concluded 

that the welding speed was the most critical parameter. Based on this, the weld speed 

was varied i.e. 100 mm/min, 125mm/min, 150 mm/min and the weld current was kept 

constant at 200 A (see Table 3.01). Samples having weld bead for coated P91 steels 

were labeled as 1-a,b,c and, the bare P91 steel samples were labelled as 2-a,b,c. It 

should be noted that, the welding current (200A) and weld speed (100 mm/min) were 

kept same for both coated P91 steel (Sample 1a and 2a) as well as the uncoated (bare) 

P91 steel. Similarly, 1b and 2b are welded at 125 mm/min weld speed and 1c and 2c 

are welded at 125 mm/min. The nomenclature is summarized below.   

Table 3.00.1 Weld parameter of samples with nomenclature 

 Samples Weld speed Weld current 

Coated P91 steel  1a 100 mm/min  

 

200 A 

1b 125 mm/min 

1c 150 mm/min 

Un-coated P91 steel 2a 100 mm/min 

2b 125 mm/min 

2c 150 mm/min 

 

3.2.2 Investigation of depth of penetration (DOP) through macrostructure 
 

To investigate the weld pool and its metallurgy, the metallographic specimens 

were prepared by polishing on different grit size papers (400, 600, 800, 1000, 1200, 

and 2000) then and so onhed in Villella’s solution (Picric acid 10 g + HCl 5ml + 
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Methanol 100 ml) as per ASTM E3-01 standard. The macro and microstructural 

examinations were conducted to check the weld bead shape and DOP by using an 

optical microscope (OM).  

 
 

Figure 3.04 Cross-sections bead of the Aluminized coated 9Cr-1Mo Steel 
(1) and bare 9Cr-1Mo (2) joints welded by various welding speed at welding 

current of 200 A: (1a and 2a) 100 mm/min, (1b and 2b) 125 mm/min, (1c and 2c) 
150 mm/min [128] 

Fig. 3.04 represents the macrostructures of the weld bead for coated and bare 

samples, while the Fig. 3.05 shows the variation in bead width, depth of penetration; 

D/W (depth to width) ratios along with the heat input and weld speed. Samples having 

nomenclatures 1a, 1b, 1c are weld bead for coated P91 steels, whereas 2a, 2b, 2c 

represent bare steels. The depth of penetration is higher for the sample 1a (coated ones) 

compared to 2a which is un-coated. Both weld beads were prepared at the same 
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current, i.e 200A and same weld speed 100 mm/min. The same trend has been 

observed for other samples namely 1b and 2b and 1c and 2c which were prepared by 

varying the weld speed 125mm/min and 150 mm/min and keeping the current constant, 

at 200A. In Fig. 3.05, the depth, width and D/W ratio has been shown graphically 

along with the heat input for both coated and bare P91 steel for better understanding.  

It clearly indicates that, the coatings play a major role in arc constriction which 

subsequently results in higher depth of penetration (DOP) and good D/W ratio for the 

coated P91 steel. As the required DOP was observed in sample 1a and 2a, these two 

samples were considered for further characterization.  
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Figure 3.05 Variation of the penetration depth (D) and width of the bead (W) and 
the D/W ratio with heat input for sample 1a and 2a [128] 

3.3 Microstructure of weld metal – AlN inclusion formation 
 

The cross-sectional examination of coated samples before welding revealed the 

presence of AlN formation at the interface of FeAl and substrate. The nitrogen content 

in this steel was 0.07 wt% (max.). During diffusion coating process, Al diffuses into 

the base metal and reacts with the nitrogen at the interface and forms AlN [133, 134]. 

These precipitates were mainly formed during the coating process and they have 

subsequently been transferred into the weld bead during welding. The AlN 



 

47 
 

precipitates were not dissolved and reformed during welding and cooling, due to their 

high melting point [135]. As shown in Fig. 3.06(a), the AlN precipitates were 

observed within the weld zone for sample 1a and it was confirmed through EDX 

mapping where red color represents the presence of Al (indicated with arrow in 

3.06(c)), while the green is of Nitrogen (3.06(d)), blue and remaining one represents 

Fe (3.06(e)) and Oxygen (3.06(f)).  The EDX spectra taken on the AlN inclusion is 

shown in Fig. 3.06(b) and the Al:N ratio confirms the composition of AlN. These AlN 

precipitates were absent in the weld zone of 2a sample as it was bare grade 91 steel.  

To investigate the base (parent) metal, heat affected zone (HAZ) and the weld 

zone; the cross-section of 1A sample was examined and is shown in Fig. 3.07. The 

base metal of the welded sample is denoted as A and represents the base metal’s grain 

in SEM image where the grain size was observed to be very small compared to the 

HAZ and weld zone.  As we move from base metal to weld zone (from A to C) 

gradually, the grain size is observed to increase and in the weld zone, it is maximum 

compared to base metal and HAZ. However the HAZ revealed a combination of 

coarse grain (CGHAZ) near the fusion line of weld and fine grain (FGHAZ) near the 

base metal as the heat was dissipated during the cooling process towards the base 

metal (from C to A). Since the weld zone (part C) was the last to cool down, the grain 

size was in descending order from C to A. 
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Figure 3.06 EDX mapping of AlN precipitates in the weld zone for sample 1a 
(Coated P91 steel). (a) SE image of weld zone used, (b) EDX spectra of the 

mapping data, (c) mapping of Al(aluminium) in red colour, (d) mapping of N 
(Nitrogen), (e) mapping of Fe, (f) mapping of O [128] 
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Figure 3.07 Optical and SEM image of cross-sections bead of the coated 9Cr-1Mo 
(sample 1 A) at welding current of 200 A and weld speed: 100 mm/min A) base 

Metal B) heat affected zone C) weld zone. [128] 

 
Fig. 3.08 (A) shows the typical microstructure of weld zone for sample 1a. It

revealed the prior austenite grain boundary (PAGB) along with the M23C6 precipitates 

(M: Cr, Fe, Mn and Mo) in a cluster form as it is in as weld condition. To confirm the 

presence of precipitates on PAGB, an EDX spot was taken for analysis which 

corroborated its presence.. The same trend was observed in the weld zone of 1b 

sample (bare P91 steel). It is also shown along with the EDX spot taken at PAGB in 

Fig. 8(c) and (d). Another observation was that the martensitic laths of sample 1b were 

larger in size (length and width) as compared to the weld zone of coated P91 steel 

(sample 1a).This could be linked with the average grain size being affected due to the 

presence of Al in the weld pool. More detail are discussed in section 3.4 of this 

chapter. 
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Figure 3.08 SE micrograph of weld zone (a) sample 1a (Coated 9Cr-1Mo), (b) 
EDX spectra of precipitates, (c) sample 1b (bare P91), (d) EDX spectra of 

precipitates. [128] 

 

3.4 Al concentration in weld zone and its effect 

 
To investigate the Al concentration from the surface to core in the coating 

region and weld metal, elemental depth profiling was done by EDS analysis. The 

profile of different elements is plotted along with the distance from surface to core at 

the parent metal (or base metal) side and at the weld metal side. Fig. 3.09 (a) 

illustrates the cross-section of sample 1a (coated 9Cr-1Mo steel) at the parent metal 

(also referred here as base metal) side and Fig. 3.09 (c) represents elemental depth 

profile of Al and other elements which are obtained with EDS. The base metal side of 

coated sample shows oxide layer (Al2O3) at the top up to ~3-5 microns followed by 

Fe-Al diffusion zone of  ~80-100 microns. The concentration gradient of Al indicates 
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the presence of FeAl and Fe(Al) according to the Fe-Al phase diagram. The FeAl 

phase in the coating was already confirmed through XRD (see Fig. 3.02). However, 

Aluminum in the weld zone (Fig. 3.09 b) and d)) was found almost same at different 

regions in the weld zone which indicates that Al is homogenously distributed in the 

weld metal region. It also confirms the absence of various phases such as FeAl, Al2O3 

which were present in the coating prior to welding. The Al concentration in the weld 

zone was found to vary in to the range of ~1-2 wt%. In addition, across the weld the 

concentration of Al was investigated by area EDX and the same concentration was 

confirmed (~1-2 wt%).  

 

Figure 3.09 Elemental depth profiling of Cross-section bead of the sample 1a 
(coated 9Cr-1Mo) a) at base metal side b) at weld zone, plot of elemental depth 

profile c) at the base side d) at the weld zone. [128] 
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The presence of Al content in the weld metal seems to play an important role 

in the reduction of grain size as well. Hong et al., [136] reported that the increase in 

Al content of the weld metal resulted in the reduction of grain size. This was because 

of the change in grain growth exponent n as a function of ‘t’ (t=annealing time) where 

higher Al content steels revealed lower ‘n’ values and thereby affects the grain size. 

As cited by Bruke et al. [137], the n values in grains with impurities are usually much 

less than the theoretical calculations (n=0.5) of system with no defects. An increase in 

defects would lead to a reduction in the value of ‘n’ (<0.5) [138].  A similar 

observation by authors [139-141]  reported that the grain size could also be influenced 

by the presence of AlN precipitates in weld pool due to grain boundary pinning effect. 

This supports our hypothesis on the effect of Al on grain size of weld pool. A detailed 

investigation on the exact mechanism of Al distribution in weld metal and its effect on 

mechanical and microstructural properties are being pursued. Average grain sizes for 

both the samples 1a and 1b were measured according to ASTM E112-10 standard. 

The average grain size in the weld zone and HAZ of coated samples was lower 

compared to the uncoated P91 due to the presence of Al in the weld bead and the same 

has been plotted in Fig. 3.10.  
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Figure 3.10 Effect of Al concentration on grain size on sample 1a and 2a [128] 

 

3.5  Microhardness profiles of welds 
 

Microhardness values were measured to investigate the effect of Al 

concentration on the microstructural properties. The values across the weld in 

transverse direction were measured at the load of 0.3 kg at intervals of 200 microns 

with dwell time of 20s. The microhardness values gradually decreased from the 

centerline of the fusion zone towards the base metal. The value was higher in the weld 

zone for sample 1a which is aluminized as shown in the Fig. 3.11. The value was 35-

40 Hv higher for sample 1a despite the weld zone being prepared at the same process 

parameters (weld current and travel speed). Literature suggests that, as Al 

concentration increases, the average microhardness increases for 10Cr-Al alloys[142]. 
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Ref.[136] also reported that, Al concentration does affect the grain size. They reported 

that as the concentration increases (0.53≤ Al≤ 9.65 wt%), the grain size decreases. In 

our work, similar trend has been observed for the coated steel. The concentration of Al 

in the weld zone of coated steel was ~ 1-2 wt% and grain size for sample 1a was lower 

with respect to 1b (uncoated P91). It appears from the microhardness data that the 

reduced grain size may be the reason of higher microhardness (Hall-pand so onh 

relation). 

Another possibility of an increased hardness could be solid solution 

strengthening due to Al being dissolved in weld metal. In addition, the higher values 

of microhardness could also possibly be attributed to the formation of AlN in the weld 

zone which may increase the hardness for the coated sample. The exact understanding 

on which hypothesis stands true needs to be further elucidated. The study of other 

mechanical properties such as tensile and impact strength is separately addressed in 

subsequent chapter for butt weld joints of coated steels. 
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Figure 3.11 Comparison of micro-hardness measurement across the weld for 
sample 1a and 2a [128] 

3.6 Discussion  
 

In this chapter, the effect of aluminide coating on weld bead’s size and shape 

is reported. The results are briefly discussed below.   

The coated steel plates revealed a diffusion aluminide coating with a top 

Al2O3 layer of 2-3 microns followed by an Fe-Al diffusion aluminide layer of 70-90 

microns. When such coated plate were subjected to bead-on-plate trials, the top 

insulating layer of alumina seems to have played a key role. The welded zone was 

found to be lower in width due to arc constriction during welding. The alumina layer 

has good insulation properties. Hence, when the arc interacts with the top alumina 

layer, the electron does not get a free path to travel like in the bare material. Due to 

this, constriction of arc takes place which increases the current density. Subsequently, 

the depth of penetration increases and bead width of weld becomes narrower 
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compared to that obtained in the bare 9Cr-1Mo steel bead on plate [128]. Similar 

effect with an oxide layer known as an insulating effect is explained by Vilarinho et 

al.[129]. The same mechanism is also reported elsewhere where an enhanced depth of 

penetration was achieved for GRADE 91 steels [131, 143]. 

The presence of aluminide coating constricts the arc, acts as an insulating layer 

and restricts the movement of electron when the arc interacts with substrate during 

welding. Similar effect with an oxide layer known as an insulating effect is explained 

by villarao [129].  Consequently, the appearance of bead for coated Grade 91 steel 

was narrower compared to bare Grade 91 due to increased energy density. This also 

increases the depth of penetration in welds prepared at same current (200A) and travel 

speed (100 mm/min). Subsequently, the D/W ratio was higher at the same heat input 

for coated and bare Grade 91.   

During coating Al diffuses into the base metal and reacts with the nitrogen at the 

interface and forms AlN. These precipitates do not get dissolved due to their high 

melting point (2200 C) and get transferred in to the weld bead as inclusions during 

TIG welding process.  Similar observations have been reported elsewhere [144]. The 

Al concentration remains almost constant between ~1-2% across the weld zone 

despite the higher concentration due to the coating at the base metal side. The 

concentration of Al affects the grain size of the weld zone and decreases it as 

compared to the bare Grade 91 steel. In addition, the grain size could also be 

influenced by the presence of AlN precipitates in weld pool due to grain boundary 

pinning effect [145-147]. Consequently, the hardness for the coated Grade 91 steel is 

higher compared to bare Grade 91 steel.  
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The weld microstructure was further investigated with respect to the presence of 

different detrimental phase formation such as delta () ferrite. The same is described 

in detail in chapter 4 of this thesis. Subsequently, the mechanical properties of coated 

weld metal are also an area of rigorous investigation which has been covered in 

Chapter 5.  
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CHAPTER 4 

EFFECT OF ALUMINIUM ON DELTA(δ) FERRITE 
FORMATION 

4.1  Introduction  
 
As observed in the previous chapter (chapter 3), the welding process of coated steels 

can lead to a change of weld microstructure. Various factors such as cooling rate after 

welding, content of the different substitutional alloy, the primary solidification 

product leads to nucleation of phases such as delta ferrite (δ), austenite (γ), or a 

mixture of both in 9 Cr steels [148, 149]. The presence of these delta ferrite (δ) and 

austenite (γ) phases have been studied using the equilibrium diagram for 9-12% Cr 

steels by different authors [150-152]. After welding, liquid metal in weld pool 

solidifies as delta-ferrite. The transformation of delta-ferrite to austenite phase under 

equilibrium condition starts at around 1480 °C and ends at around 1200 °C [101, 153]. 

However, this equilibrium transformation is not possible during the weld cooling 

cycle due to the high cooling rates. Hence, some amount of untransformed delta-

ferrite may remain present even at ambient temperatures in the weld metal and up to 

some extent in the the heat affected zone [125, 154]. This delta () ferrite phase 

present in weld metal has several detrimental effects on mechanical properties such as 

toughness, creep, impact and ductility [102, 155-157]. It is therefore important to keep 

a check on the % delta ferrite present in the weld metal and such delta ferrite content 

is measured as ferrite factor. This ferrite factor is calculated as a ratio of the chromium 

equivalent (Cr’) to the Nickel equivalent (Ni’) which is nothing but the ratio of ferrite 

stabilizing (or ferrite former) elements to austenite stabilizing (or austenite former) 

elements [152, 158-161]. Thus, the formation of the delta ferrite phase strongly 
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depends on the composition of the solidifying metal (weld metal in our case). 

Aluminium is reported to be an element promoting the formation of delta ferrite phase 

() in weld metals [162]. 

In the case of the Al-coated or aluminized steels, aluminium content in weld 

metal is critical and can contaminate the metallurgy of weld joint. It also promotes 

delta ferrite formation in the weld metal [163, 164]. The presence of Al in the weld 

metal contaminated from the coated surface can cause the formation of delta ferrite as 

Al is a ferrite stabilizer [165].  Bertin et al. [104, 105] noticed that after the arc-

welding of Aluminium coated steel, a phase consisting of delta ferrite formed in the 

welded joint which yielded inferior the tensile strength. Briand et al. [106]  reported 

that a concentration of Aluminium >2% in weld pool results in formation of delta 

ferrite and a lower hardness in the weld zone. This  phase is also reported to impair 

mechanical properties. The presence of delta ferrite increases solidification cracking, 

impairs fracture toughness due to notch sensitivity of the delta ferrite phase, and 

reduces the creep ductility at high temperature in 9-12% Cr metals and welds [107]. 

Corroborating this, Wang et al. and Anderko et al. reported that the presence of delta 

ferrite deteriorates the impact properties and raises the ductile to Brittle Transition 

temperature (DBTT) of the martensitic stainless steel [102, 108].  

The formation of delta ferrite is also dependent on the heat input during the 

welding process.  Arivazhagan et al. have explained that the emergence of delta ferrite 

occurs due to high heat input during autogenous GTAW for Reduced Activated 

Ferritic Martensitic (RAFM) steels[156]. The effect of heat input and cooling rate was 

also studied by Sam et al. [154] wherein delta ferrite phase was reported to form in the 

weld metal interface of RAFM steels. This was reported to be because of the epitaxial 
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growth from partially melted ferrite grains. The RAFM steels were developed for 

fusion reactor applications with P91 steel as a surrogate material and thus such a 

problem of delta ferrite in 9Cr steels is a matter of investigation from fabricability 

perspective. Pandey et al. [111, 166] further observed that this delta ferrite is also 

formed in weld joint of dissimilar P91-P92 steels, thus posing a threat to the 

acceptability of the weld joint. Therefore, it is essential to examine the presence of 

delta ferrite along with the heat input, aluminum concentration in the weld zone as its 

presence affects the mechanical properties. This investigation enables us to decide on 

the weldability of aluminized P91 steels with reference to the ferrite factor. 

4.2 Effect of Heat Input 
 

As mentioned in the experimental work, the weld speed was varied 

(100,125,150 mm/min) along with the constant current 200A for both coated and bare 

P91. The heat input measured for the Aluminized P91 steel was higher (2.12kJ/mm) 

compared to the bare (un-coated) P91 steel samples (1.44kJ/mm) at same current 

(200A) and same weld speed (100 mm/min). Both samples (coated and bare) were 

considered for further investigations as maximum heat input was observed with 100 

mm/min welding speed. As explained in chapter 3, the coating which has insulating 

surface causes the arc constriction for coated steels, thereby increasing the power 

density and the heat input for the coated steel is higher [128].  To investigate the effect 

of heat input, the microstructure and phase analysis of the weld joint was carried out 

using scanning electron microscopy (SEM) and X-ray diffraction respectively. The 

results were further corroborated using vicker’s microhardness tests. X-ray diffraction 

was done at cross-sections of welds. Fig. 4.01 shows diffractographs of weld zone 
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where 1a) indicates peaks for weld metal of bare P91 steel while 1b) is for coated 

weld sample. 

 

 

Figure 4.01 X-ray diffraction plot of weld metal prepared at 100 mm/min [167] 

 
In Fig. 4.01a) peaks at 2θ = 45.07, 65.64 corresponds to the plane (110) and (200) of 

α-Ferrite phase as per the ICDD card no. 01-076-6587. In comparison to this, the weld 

of coated steel indicated the presence of delta ferrite as indentified by reflection of 
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(110) peak at 2θ = 43.6285 based on ICDD card no. 01-089-4186. The low intensity 

of peak indicates low concentration of delta ferrite.  

The theoretical assessment of the presence of delta ferrite can be done by 

monitoring the temperature using thermocouples. The thermal mapping of weld zone 

during welding indicated peak temperature at a location 10mm away from the 

centerline of the weld during the welding process. It was approximately 1120 C for 

the coated steel, while it is 670 C for bare P91 steel. The time vs temperature plot has 

been shown in Fig. 4.02. As explained earlier, under the equilibrium conditions, the 

formation of delta ferrite starts at approximately 1480 ºC and ends at around 1200 ºC 

[153, 154].  

 

Figure 4.02 Time vs temperature comparison for coated and bare P91 [167] 

 
However, this equilibrium transformation is not possible during the weld cooling 

cycle. The higher cooling rate in the weld zone causes more delta ferrite formation 

[107], and as the delta ferrite will not get adequate time to transform to austenite so it 

will remain within the weld zone at ambient temperature. Fig. 4.02 indicates that the 

cooling rate was higher for the coated P91 steel. Hence, the results from XRD and 
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time vs temperature plot indicate possibility of delta ferrite. The formation of -ferrite 

in the weld zone can also be predicted by several empirical formulae. 

4.3 Delta (δ) ferrite prediction in welds 
  

 It is well known that the δ – ferrite formation depends on various parameters 

such as elemental composition (of weld), temperature and time profiles, cooling rates. 

Based on this, the δ – ferrite prediction has been analyzed by different authors [107, 

114, 154-156, 168], and they reported empirical formulas such as Schaffler, Schneider, 

Kaltenhauser and New house as given below.  

i. Schaeffler formula [107, 168]:  

Cr +1.5Si +Mo +5V +0.5Nb +0.75W - Ni -0.5Mn -30C -30N -0.3Cu -Co  (1.2) 

ii. Schneider formula [107, 168]:  

Cr +2Si +1.5Mo +5V +1.75Nb +0.75W - Ni -0.5Mn -30C -25N -0.3Cu   (1.3) 

iii. Newhouse formula [169]:  

Cr +6Si +4Mo +11V +5Nb +1.5W - 2Mn -4Ni -40C -30N -2Co -Cu  (1.4) 

iv. Kaltenhauser formula [170] : 

Cr + 6Si + 4Mo + 8Ti + 2Al + 4Nb - 2Mn -4Ni -40(N + C)    (1.5) 

These formulae describe the difference between the weighted effects for the 

ferrite and austenite forming elements, i.e., the chromium and nickel equivalent values 

[107, 154, 168]. Each equation was formulated based on the effect of various alloying 

elements on the stability of -ferrite phase based on which the formation of delta 

ferrite could be predicted. However, it is important to choose which type of equation 

would best fit to predict -ferrite accurately, as the elements considered in the 

equation should include the critical elements in the substrates. Sam et al. [154] had 

considered New house formula in their study, as their investigation was related to -
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ferrite  in Reduced Activated Ferritic Martensitic (RAFM) steels where elements such 

as W, Nb and V were major alloying elements. Arivazhagan et al. [155, 156] utilized 

the Schneider equation. They modified it, as the Ta element was not taken into the 

account though it is a ferrite stabilizer and was a principal alloying element in their 

case. Pandey et al. [112, 157] used the Schneider equation and explained the effect of 

delta ferrite on impact toughness for the dissimilar weld joints of 9Cr steels. Since our 

investigation was focused on the effect of coating on the delta ferrite formation, the 

effect of Al in the weld pool was needed to be considered. Our assessment on 

prediction of -ferrite thus needs an equation considering Al as alloying element in 

comparison to other equations.   

In order to analyze the applicability of all formulae reported above for -ferrite 

prediction, a compositional analysis of the welded joint is required. The elemental 

analysis of weld metal was conducted using spark emission spectroscopy conducted at 

the center of the weld for both coated and bare 9Cr-1Mo samples. The elemental 

composition of coated and bare P91 weld metal is shown in table 4.01.  The bare 9Cr-

1Mo steel was found to have 0.04 wt% Al in as received condition as shown in table 

4.01. However, in weld of coated substrates, the Al concentration was found to 

increase from 0.04% to 0.19%. Since Al is known as a ferrite stabilizer element, it is 

important to analyze whether this change in Al content of weld metal leads to a 

change in -ferrite content [165]. From different equations shown above, the 

Kaltenhauser formula includes composition of Al whereas other equations do not 

consider Al%. Hence Kaltenhauser formula was more relevant here as it increases the 

weighted effect of Aluminium on -ferrite formation as reported for 9Cr steels [107, 

114, 168]. 
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The Kaltenhauser equation 1.4 describes the difference between chromium 

equivalent and is Nickel equivalent. The difference between Creq and Nieq values is 

known as ferrite factor. The calculated ferrite factor and delta ferrite prediction from 

Kaltenhauser in comparison with other empirical formulae has been shown in Table 

4.02. Work reported in Refs. [154-156] indicate that if the ferrite factor (Creq - Nieq)  is 

above 10, then there is a possibility of delta ferrite formation in weld pool.  

 

Table 4.01 Elemental composition of weld metal for coated weld and un-coated 
(bare) welds using spark emission spectroscopy 

Elements 

C Cr Mo Si V Mn Al Nb Ti N Ni Cu Fe 

Coated weld 
(Wt%) 

0.14 8.70 0.95 0.22 0.21 0.40 0.19 0.07 0.04 0.06 0.31 0.05 Balance 

Un-coated 
weld (Wt%) 

0.21 8.59 0.98 0.20 0.21 0.41 0.03 0.07 0.04 0.04 0.30 0.07 Balance 

Standard 
Deviation(±) 

0.006 0.081 0.001 0.018 0.001 0.010 0.001 0.008 0.001 0.006 0.017 0.013 0.005 

 

Table 4.00.2 Ferrite factor prediction for 9Cr-1Mo steel in various conditions 
from various formulae.  

 Schaeffler Schneider Kaltenhauser Newhouse 

 
As 
received  

Ferrite Factor 
(Creq- Nieq) 

5.92 7.67 6.88 6.95 

Delta-ferrite 
prediction 

No No No No 

 
Coated 
Weld  

Ferrite Factor 
(Creq- Nieq) 

5.92 5.64 12.75 9.75 

Delta-ferrite 
prediction 

No No Yes No 

 
Un-
coated 
weld 

Ferrite Factor 
(Creq- Nieq) 

3.29 5.80 4.36 7.38 

Delta-ferrite 
prediction 

No No No No 
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4.4 Microstructure of delta ferrite  

The results from various empirical formulas indicate that the delta ferrite is 

expected within the weld metal of coated steels due to Al contamination. Hence, it 

was important to analyze the microstructure of P91 weld joint using microscopy 

techniques to validate the prediction of delta ferrite phase by Kaltenhauser equation. 

The microscopy was conducted in as received condition and then compared with the 

microstructures of weld metal for coated and uncoated welds. The P91 material 

considered for the experimental work was supplied in normalized and tempered 

condition. The normalizing treatment was done at 1050 C for 0.5 hour and tempering 

was done at ~780 C with holding time of 1hour followed by cooling in air.  Fig. 4.03 

illustrates the tempered martensite microstructure of P91 steel in as-received condition 

after both the heat treatments. The microstructure of weld metal for un-coated steel is 

shown in Fig. 4.04. Weld metal comprised of fully martensitic laths and prior 

austenite grain boundaries and was found to be free from delta ferrite as predicted 

from empirical formulae in table 3. 

Fig. 4.05 shows microstructure (optical as well as the SEM image) of weld 

metal of coated steel produced through autogenous TIG welding process at 2.12 

kJ/mm heat input (weld current-200A, weld speed-100 mm/min). The morphology of 

weld metal indicates the presence of delta ferrite. To confirm the same, a higher 

magnification image by electron microscopy (Fig. 4.05(b)) was taken at a region 

marked as circle in Fig. 4.05 a). The delta ferrite is free from carbides as reported by 

Arivazhagan et al. [156]. SE image (Fig. 4.05 (b)) shows a delta ferrite region where 

carbides are completely absent. Further, the delta ferrite observed here showed a 

polygonal shape. Delta ferrite in polygonal shape and island of delta ferrite in a matrix 
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of tempered martensite has been reported in refs. [107, 168]. A similar kind of 

polygonal shape of delta ferrite was observed and shown in Fig. 4.06 a) while 4.06 b) 

where the island of delta ferrite in the martensite matrix structure have been clearly 

identified. The delta ferrite regions were more at grain boundaries while as the interior 

of grain showed less delta ferrite phase. This may be due to more energy available at 

the grain boundary than the grain interior region and hence the variation in quantity of 

delta ferrite [156]. The quantification of delta ferrite content was done by analysing 

the volume fraction of delta ferrite in microstructure of weld zone using image J 

software. The amount of delta ferrite in the weld zone was found to be ~5.09%. This 

supports the prediction of delta ferrite (ferrite factor) through Kaltenhauser formulae 

as indicated in table 4.02 [167]. 

 

Figure 4.03 SE image of P91 steel’s microstructure in as-received condition [167] 
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Figure 4.04 Weld metal’s microstructure of bare P91 steel prepared at 100 
mm/min weld speed and 200 A current [167] 

 

 

Figure 4.05 Weld metal’s microstructure Weld metal’s microstructure of coated 
P91 prepared at 100 mm/min weld speed and 200 A current. The encircled part 

in (a) (optical image) is highlighted as (b) (SE image) [167] 
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Figure 4.06 a) Polygonal delta ferrite (b) island of delta ferrite in matrix of 

tempered martensite observed at prepared at 100 mm/min weld speed and 200 A 
current [167] 

 
 

4.5 Microhardness  
 

As it is known that different phases in a given microstructure can be 

differentiated by their microhardness. Hence, Vicker’s microhardness tests were 

performed to confirm the delta ferrite observed in microstructure of coated P91 steel 

welds (see Fig. 4.05 and 4.06). Delta ferrite is a softer phase while the tempered 

martensite is a hard phase and hence can be easily identified using microhardness tests. 

The vicker’s microhardness measurements were done at the load of 0.05 kg at a dwell 

time of 20 seconds at different delta ferrite locations. As explained earlier, the delta 

ferrite phase is free from carbides and hence in the absence of carbides and 

precipitates the hardness value would be lower compared to martensite. Further, the 

ferrite phase is softer than the tempered martensite. In this context, Sam et al. [154] 

has reported that the delta ferrite would be leaner in carbon during the subsequent 

transformation of delta ferrite to austenite and austenite to martensite and thus the 

hardness of delta ferrite at same load would be lower. Sam et al. reported the 

microhardness values of delta ferrite were ~195±5 HV0.05 in welded zone of Reduced 
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Activated Ferritic Martensitic (RAFM) steels[154]. Pandey et al. [157] has also 

measured the microhardness in delta ferrite region and reported similar values such as 

190±10 HV0.05 and 198±10 HV0.05. Similar hardness values of delta ferrite were 

observed in this work. The SEM image which includes microhardness indentation in 

martensite region and delta ferrite in weld zone of coated steel is shown in Fig. 4.07. 

The phase which consists of carbides i.e. martensite was found to have a 

microhardness of 396 ±5 HV0.05. Delta ferrite being comparatively softer revealed a 

microhardness of 192 ±5  HV0.05.  

 

Figure 4.07 SE image indicating micro-Vicker hardness indentations at 0.05 kg 
load and values for phases in the weld zone prepared at 

100 mm/min weld speed and 200 A current [167] 

 

4.6 Discussion   
 

The elemental composition of weld metal could be instrumental in predicting 

the delta ferrite formation. The weld metal prepared at 100 mm/min and 200A weld 
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current for aluminized coated steel has been found to have delta-ferrite.  Further, 

variations in volume fraction and morphology of the delta ferrite are observed within 

the fusion zone. The conclusions for this investigation are mentioned below. 

Al concentration in the weld zone due to contamination from aluminide 

coating may cause the formation of delta ferrite as Al acts as a ferrite former. An 

average Al content if exceeds ~0.13 wt% would lead to possibility of delta ferrite 

formation. In this work, the spectroscopy results of weld metal revealed ~0.19 wt% Al.  

The volume fraction of delta ferrite quantified by microscopy was validated 

using a theoretical prediction of delta ferrite by Kaltenhauser equation. The 

Kaltenhauser’s equation was found to be more accurate to predict the delta ferrite as it 

is considers %Al contribution in formation of delta ferrite, which other formulae do 

not consider. In addition, 

One of the possible reasons for the formation of delta ferrite could be high heat 

input. Alumina coating at the surface constricts the arc and due to that heat input was 

higher for coated steels, resulting in higher temperature in weld. The volume fraction 

observed of delta ferrite was ~5.09% at 2.12 kJ/mm (100 mm/min weld speed, 200A 

current) for coated steels. The X-ray diffraction analysis also confirmed the presence 

of delta ferrite phase.  

The delta ferrite appearance was in polygonal shape and was distinguished at 

prior austenitic grain boundaries. Isolated islands of delta ferrite in a martensite matrix 

were also noticed.  In addition, the delta ferrite phase was free from carbides as 

confirmed from microscopy and subsequently, the hardness was low (~192 HV0.05) 

compared to martensite which has 396 HV0.05. The low hardness of 192 HV 

corroborates the presence of delta ferrite.  
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This investigation can be further continued to examine the effect of pre-

heating on cooling rate during welding and, subsequently on the formation of delta 

ferrite. Since delta ferrite poses different mechanical properties than the bulk 

microstructure comprising of lath martensite, the effect of delta ferrite volume fraction 

on tensile and impact properties of weld joint is required. Thus, delta ferrite formation 

in the weld metal is crucial and Aluminium is a critical element impacting the 

concentration of delta ferrite in the weld. Based on this study, it is important that the 

Al content of weld be reduced so as to bring down the delta ferrite content to 

acceptable levels.  
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CHAPTER 5 

ASSESSMENT OF MECHANICAL PROPERTIES OF 
BUTT WELD JOINT IN COATED P91 STEELS 

 

As observed in the previous chapters, the Al contamination of weld pool was 

observed leading to microstructural changes and increase in the -Fe content. Such 

changes would lead to a detrimental effect on the properties of resultant weld joint. 

Since such coated steels would be required to undergo fabrication and welding process 

in end application, it was important to evolve a methodology of welding by which 

such weld contamination and degradation is avoided. Therefore, a study on the 

assessment of mechanical properties of weld joint of aluminized coated steels was 

attempted under this research work.  
Though literature on weldability of aluminized steels is scarcely reported, 

work related to weld contamination by Al gives an indication of the extent of possible 

degradation of the weld properties. Corroborating our observations in the previous 

chapter, published literature indicates that the presence of Al in weld metal 

deteriorates the tensile strength and microhardness of coated steels [171-173]. Such Al 

in weld joint could lead to rupture of joint as compared to base metal after arc welding 

of coated steels[105].The Al from the aluminide coating would dissolve in the weld 

metal and an Al concentration of ~ 1-2 % in the weld metal was sufficient to promote 

the formation of -Fe [167].  This -Fe formation is known to impair the mechanical 

properties such as impact strength, tensile strength and microhardness [102, 154, 157, 

168]. Hence, it is clear from the reported literature that Al contamination of weld is 

detrimental for the weld quality and should be avoided to the extent possible. Our 

experimental results from previous chapters also corroborate the above observation. In 
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order to address these issues, it is essential to minimize the Al concentration in weld 

metal of coated steels. The edge preparation (V-groove chamfering) as per ASME 

standards has been attempted to reduce the Al concentration in the weld metal. 

5.1 Conventional TIG welding process with Single V-grove butt 
joint  
 

The most common weld joint is the butt weld joint, where both the parts lie in 

the same plane and join at their edges. If the material or part has a thickness greater 

than 3mm, the edges of the part or material are subject to machined, i.e., joint 

preparation or edge preparation for butt joint [174, 175].  

The butt joint has mainly two types of edge preparation, which are single V 

grove and double V groove. The single V groove (Fig. 5.01 (a)) is in use to when the 

thickness of the part is between ¼”  to ¾”. The double V grove (Fig. 5.01 (b)) is for 

use on plates thicker than ¾ inch. Most of the industrial welding jobs comprise of 

thicknesses lower than ¾ inch and hence the single V groove edge preparation is the 

most widely followed practice. Such an edge preparation in our case (i.e. chamfering 

of the edges) would lead to removal of coating (to some extent) thereby minimizing 

the Al contamination of the resultant weld zone. 

 

(a) 

 

(b) 

 

Figure 5.01 (a) Single V-grove (b) Double V-grove 
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The P91 steel (coated and un-coated) plates used for the welding process under this 

study had dimensions of 150mm x 100mm x 5mm. Hence, single V-groove edge 

preparation was employed as coated, and uncoated steel plates had a thickness of 5mm. 

This V-groove was prepared in accordance with ASME Section IX, QW-402 

specifications. The V-groove design is shown in Fig. 2.07 (chapter-2).This V-groove 

edge preparation as per ASME standards was reported in recently published literature 

for the weld joints of P91 steels [111, 113, 124]. As per the permitted standard, 

AWSER 90S-B9 filler wire was used for this conventional welding process. The 

welding parameters including pre-heating temperature, weld current, travel speed, 

voltage and average heat input for root pass and subsequent GTAW passes are listed 

in table 2.04 (chapter-2). The control of residual stresses in welding for both samples 

(coated and without coated) was important. Standard welding procedures (WPS) such 

as adequate clamping and tack weld were adopted prior to welding so as to control the 

distortion and residual stresses based on reported literature [176]. 

The resultant weld joints (both, coated and uncoated)were then subjected to 

radiography tests as per ASME Section V article 2 in as welded condition to ensure 

the weld is defect free. This was done to ensure that the comparison of welded joints 

in coated and uncoated steels was at par and deprived of any variables attributed to 

physical defects. The weld joint for coated steel, and uncoated steel were observed 

defect free as per the acceptance standard ASME section IX QW 191.2.2. As per the 

ASME standard, the post weld heat treatment is required to be conducted so as to 

restore the toughness [125, 177]. Therefore, the welded plates were then subjected to 

post weld heat treatment (PWHT). The PWHT was carried at 760C ± 5C for 2h. 
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Similar PWHT has been reported for 9Cr-1Mo steel weld joints by different authors 

[111, 113, 124] and hence was considered for the present study.  

5.2  XRD analysis of weld metal 
 

Fig. 5.02 a) describes the X-ray diffraction patterns in the as-received 

condition of 9Cr-1Mo steel, which consists of significant substrate peaks of Fe.  The 

Fig. 1a) showcased the peaks at 2θ = 44.67°, 65.02° and 82.33° corresponding to the 

plane (110), (200) and (211) as per the ICDD (International Center for Diffraction 

Data) card # 01-076-6587.The aluminized process which includes normalizing and 

plasma tempering heat treatment results in the formation of -Al2O3, FeAl phases in 

the coating as reported by Jamanapara et al.[178, 179] and Zala et al.[128, 180].  The 

same has been confirmed with XRD and showcased in Fig. 1b).  

The bead-on-plate trials revealed that the delta ferrite formation in the weld 

metal region was due to arc constriction caused by alumina film and higher heat input 

(~2.12 kJ/mm) for coated steel [19]. Therefore, it is essential to control the heat input 

during welding to avoid delta ferrite formation. Owing to this, V-groove edge 

preparation was adopted to mitigate the effect of coating on heat input.  Equation 1 is 

shown below to evaluate the heat input, which is cited by different authors [118, 181]. 

 

 

Eq. .1.5  Heat input for TIG welding process [118, 181]. 

 

Heat input (kJ/mm) = 
0.9 × V × I × 60

1000×S
      (1.5) 
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Where the efficiency of the arc is considered 0.9, V=arc voltage, I=arc current 

S=welding speed (in mm/sec). In this study, the weld joints have been made with 

~1.1-1.4 kJ/mm for both, coated and uncoated steel substrates. This heat input is 

comparatively less to the reported heat-input (2.12 kJ/mm), which forms the delta 

ferrite formation. The XRD study of weld microstructure for coated and un-coated 

weld confirms the ferrite-martensite phase (Fig. 5.02 (c) and (d)) with three major 

peaks of (110), (200) and (211) which are identical to the substrate. No peak of -Fe 

was observed. XRD results indicate that the weld microstructure is free from delta 

ferrite as the heat input was controlled through V-groove design. 
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Figure 5.02 XRD spectra of a) P91 Steel- as received b) Aluminized P91 steel c) 
weld metal of coated P91 steel d) un-coated P91 steel. 

 

5.3  Microstructure 
 

To understand the effect of coated layer on the weld microstructure, different 

regions of weld metal cross-section were investigated. Kong et al. investigated the 

effect of Al-10% Si coating layer and its concentration in weld metal for ferritic 

stainless steel  [99]. He reported that the concentration of Al and Si were higher at the 

edges of weld metal compared to the fusion zone. Various areas are highlighted as a 

square box in macro structure of coated steel (Fig. 5.03(i)) were carefully studied to 

examine the microstructure. 
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The Al2O3 at the top does not dissolve during the conventional GTAW 

welding as it has a higher melting point (2200 C). Lumps of Al2O3 were observed at 

the weld fusion line in irregular shape (see Fig. 5.03 (a)) and while the highlighted 

circle marked in Fig. 5.03 (a) is further examined at higher resolution in Fig. 5.03 (b). 

Al2O3particles were observed within the grain along with martensitic laths and were 

distributed randomly near the weld fusion line. Similarly, for the square box 2 marked 

in Fig. 5.03 (i) revealed randomly distributed Al2O3 particles in Fig. 5.03 (c). These 

particles have been analyzed using elemental mapping through EDS equipped with 

SEM. The concentration of various elements such as Fe,Al and O is shown in Fig. 

5.03 (d),(e) and (f) respectively. This also indicates the formation of Al2O3 near the 

fusion line which may affect the mechanical properties.  

The Al2O3 at the top does not dissolve during the conventional GTAW welding as it 

has a higher melting point (2200 C). Lumps of Al2O3 were observed at the weld 

fusion line in irregular shape (see Fig. 5.03 (a)) and while the highlighted circle 

marked in Fig. 5.03 (a) is further examined at higher resolution in Fig. 5.03 (b). 

Al2O3particles were observed within the grain along with martensitic laths and were 

distributed randomly near the weld fusion line. Similarly, for the square box 2 marked 

in Fig. 5.03 (i) revealed randomly distributed Al2O3 particles in Fig. 5.03 (c). These 

particles have been analyzed using elemental mapping through EDS equipped with 

SEM. The concentration of various elements such as Fe,Al and O is shown in Fig. 

5.03 (d),(e) and (f) respectively. This also indicates the formation of Al2O3 near the 

fusion line which may affect the mechanical properties.  

 SEM analysis of center of weld metal (Fig. 5.04 (i)) illustrates the 

typical 9Cr-1Mo steel microstructure, which has M23C6 precipitates at prior austenite 
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grain boundaries (PAGB). The M23C6 precipitates shown in Fig. 5.04 (a) and (b) were 

confirmed with spot analysis through EDS. The microstructure observations do not 

show any evidence of delta ferrite phase for both coated and uncoated weld metal. 

This observation supports our XRD results. Thus, by incorporating V-groove edge 

preparation as a part of welding protocol, we can mitigate the issue of delta ferrite 

formation in welds of aluminized 9Cr-1Mo steel [128, 167].  This is because the V-

groove preparation will remove some part of the coating and the Al contamination of 

weld would be minimal. Consequently, the deteriorating effect of delta ferrite on 

mechanical properties can be prevented. 
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Figure 5.03 SEM images with the color mapping  of weld microstructure for 
coated steel a) lumps of Al2O3 b) Al2O3 particle at higher magnification 

highlighted in figure a).  c) Al2O3 particle d) Color map of element Fe. e) element 
Al. f) element O 
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Figure 5.04 Microstructure analysis of the weld metal in the center for 
aluminized coated 9Cr-1Mo steel a) weld metal with Prior Austenite Grain 
Boundary (PAGB) b) M23C6 precipitate indicated as A and MX precipitates 

indicated as B 

5.4  Mechanical properties and fractography studies 
 

The mechanical properties of weld joints for coated and uncoated 9Cr-1Mo 

steel were investigated for tensile strength and impact toughness and compared with a 

substrate in as received condition. The specimen were extracted transversely from the 

centre of the weld joint for tensile and impact testing. All the tensile tests were carried 

out in accordance with ASTM E8M-04 standard and all impact tests were conducted 

in accordance with ASTM E-23 standard. The dimensions of the tensile test specimen 

with a schematic are shown in the Fig. 2.10.The tests were conducted for three times 

for each condition and average values have been considered for analysis. The 

photographs of fractured tensile test specimens are shown in Fig. 5.05. The 

photograph indicates that the fracture took place from the base metal in the case of 
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coated and uncoated weld joints (Fig. 5.05 (b) and (c)). Hence, the strength of weld 

metal is higher compared to the base metal.  

Many authors [182-184] have reported that the presence of oxides can lead to 

the formation of cracking. Here, the Al2O3 oxide particles were observed at the weld 

fusion line in coated steel and confirmed through SEM-EDS studies. However, the 

oxide particles did not significantly deteriorate the tensile strength. The tensile 

strength of weld joints for coated and uncoated steel was in-line with the substrate. 

The details of tensile properties are mention in table 5.01. The strength of the coated 

weld joint is marginally inferior compared to un-coated weld. 

 

Figure 5.05 Macro images of tensile test specimens after fracture a) As-received 
condition b) un-coated weld c) coated weld 
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One of the possible reasons for this marginal decrease would be the precipitate 

coarsening during PWHT [185].  Zang et al. reported that the coarsening of M23C6 

affects the tensile strength compared to the as weld condition [185]. In this work, the 

coated layer has alumina which acts as an insulating material during the PWHT of 

weld joints. The FeAl coating is reported to have lower thermal conductivity (0.17 

W/cm-K) than the P91 steel substrate (Fe – 0.8W/cm-K) [186] which means that the 

heat transfer (to cool down) will take more time than the uncoated substrates. The 

FeAl coating has a ~50 to 70 µm thickness on a plate of a dimensions of 150mm and 

100 mm thickness. In addition, the alumina layer of at the top of the plate has 0.12 

W/cm-K thermal conductivity, which is also lower compared to the P91 steel plate.  

Consequently, M23C6 precipitates would get more time for coarsening in case of 

coated steel as the conduction would be less  [186] compared to the uncoated steel. 

The average sizes of precipitates were observed ~75-80 nm for the weld metal of 

coated steel and ~50-55 nm for the uncoated steels.  However, further detailed studies 

on the effect of PWHT on precipitates coarsening and mechanical properties are 

required and same is going on by authors for better understanding.  Fig. 5.06 

represents the engineering stress-strain curve for coated weld joint, un-coated weld 

and bare 9Cr-1Mo steel in as-received condition. 
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Figure 5.06 Stress-strain curve for weld joint of coated, un-coated and bare 9Cr-
1Mo steel 

The curve indicates the ductility is slightly higher for as-received 9Cr-1Mo 

steel compared to the weld metal of coated steel and uncoated steel. The fractured 

surfaces were analyzed through SEM. Fig. 5.07 a) showcases the fractured surface of 

9Cr-1Mo steel in as received condition. It includes micro dimples indicated as ‘1’ in 

yellow color and quasi cleavages marked as ‘2’, which is clear evidence of ductile 

failure. Quasi cleavage is fracture mode which combines the characteristics of 

cleavage and dimple fracture [187].  Fig. 5.07 b) represents the fractured surface of 

uncoated weld metal which has dimples resulted from a coalescence of micro-voids 

and cleavage facets. Similarly, Fig. 5.07 c) and d) are fractured surfaces for coated 

weld metal. The fractured surface indicates that the fracture is an inter-granular ductile 

failure as in Fig. 5.07 d), precipitates are observed at the centre of the grain. Those 

precipitates are confirmed with back–scattered SEM image and energy dispersive 
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spectroscopy. Similar fracture modes have been reported for the tensile fracture of 

9Cr-1Mo steel [114, 188, 189]. SEM observation of fractography indicates that the 

fracture is inter-granular type suggesting ductile nature of the substrate. The oxide 

particles i.e. Al2O3do not have any significant effect on fracture mechanism as they 

were randomly distributed near the weld line. However, this hypothesis would need 

further elucidation and detailed investigation. 

Table 5.01 Tensile property of as-received base metal, uncoated and coated weld 
joints. 

Sample Type UTS (MPa) % Elongation Fracture Zone 

As received P91 steel 643±18 22.23 Base metal 

Un-coated weld P91 steel 667±14 16.66 Base metal 

Coated weld P91 steel 648±16 18.58 Base metal 

 

The desired impact toughness for 9Cr-1Mo steel is 45 J for prototype fast 

breeder reactor applications [125, 190-192]. Charpy V-notch toughness tests were 

carried out as per ASTM E-23 standard. The schematic of impact samples is shown in 

Fig. 2.10 and the results are illustrated in Fig. 5.08. At room temperature, the value of 

toughness was 74 J for 9Cr-1Mo steel in as-received condition (without any weld 

joint). Since the weld metal undergoes severe metallurgical changes, both during 

welding and during PWHT, the resultant properties of the weld metal are likely to be 

inferior to the parent metal. In this work, the impact tests of uncoated weld samples 

indicated 55 J and those of coated weld indicated 52J energy. This are inferior, 

compared to the as-received 9Cr-1Mo steel (parent metal) but satisfies the 45 J criteria 
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required to be met for fusion blanket applications in fusion devices. Likewise, this 

criteria is also valid for other welding joints involving P91 grade steels. 

 

Figure 5.07 SEM image of a fractured surface of a) As received 9Cr-1Mo steel b) 
uncoated weld metal c) coated-weld metal d) M23C6 precipitates within a grain of 

the fractured surface.

 
Table 5.02 An average values of impact toughness for as-received base metal, 
uncoated weld and coated weld at room temperature, 0°C, -25°C 

 

Sample Type 

Average Impact Toughness (J) 

Room Temp  0°C -25°C 

As received (bare) P91 steel 74 42 29 

Un-coated weld P91 steel 55 38 28 

Coated weld P91 steel 52 28 26 
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Figure 5.08 Impact toughness at 0 °C, -25 °C and room temperature 

In addition, the samples are sub-size specimens which support the fact that the 

value would be higher in case of a sample with 10 mm thickness. Further, the tests 

carried out at 0C and -25C shows that the impact strength is in-line with 9Cr-1Mo 

steel in as-received condition. Vora et al.; reported that the carbide precipitates in the 

weld zone cause the crack initiation for 9Cr steels [120]. Hence, the carbide 

precipitates would play a dominant role in causing the various fracture modes 

compared to the oxide inclusions. The fracture surfaces after impact tests were also 

analyzed with SEM. Fig. 5.09 (a) and (b) showcase the fracture surfaces for both 

coated and uncoated weld respectively. Trans-granular brittle mode combined with 

ductile failure has been observed for both coated and uncoated steel which supports 

the reported fractrography by Chatterjee et al. [193]. The effect of precipitates on 

mechanical properties for coated weld metal would require detail study with respect to 

its size and distribution as the cooling during the PWHT would be critical.  
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Figure 5.09 SEM images of fractured surfaces after impact tests at Room 
temperature a) un-coated weld metal b) coated-weld metal 

 

5.5 Discussion 
 

The effect of coating on mechanical properties for butt weld joint with a V-groove 

has been studied. The microstructure and mechanical properties, such as tensile and 

impact toughness, have been examined and correlated. Based on this study, the 

following conclusions were made.              

The edge preparation (V-groove) eliminates the coated layer at the top, and the 

likelihood of delta ferrite formation can be prevented. XRD results confirmed that the 

weld metal microstructure was free from the delta ferrite phase. The diffractrograph 

revealed major peaks of Fe phase with (110) plane for both uncoated and coated 

weld, which is similar to the 9Cr-1Mo steel in as received state.  

The Al2O3 particles were observed in irregular shape and more concentrated near 

the weld fusion line of coated steel. These particles/inclusions could be avoided by 

proper removal of oxides from the surface.  The weld metal microstructure exhibits 

prior austenite grain boundary (PAGB) with M23C6 precipitates and MX type 

precipitates within matrix. The M23C6 precipitates were coarser in size in coated 
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substrates than in the uncoated ones. It appears that the decreased thermal 

conductivity of the coated substrates could be the possible reason behind this. 

Tensile tests were carried out to elucidate the effect of Al2O3 inclusions on tensile 

strength. The UTS observed for weld metal of coated steel was 648±16MPa, which is 

in line with the 9Cr-1Mo steel in as received condition (643±18MPa) and weld metal 

(667±14MPa) of un-coated steel. The fracture took place from the base metal in both 

the weld joints. Fractured surface indicates transgranular ductile fracture which is 

acceptable as per standards. It appeared that the oxide inclusions i.e. Al2O3 do not 

have any significant effect on tensile properties.  

The weld joint of coated and uncoated steel were subjected to the impact tests at 

0C, -25C and room temperature. The toughness values for coated steel, un-coated 

steel were 55J and 52J, respectively, which are inferior compared to the base metal 

(74 J) in ac-received condition owing to the size of precipitates in the weld metal. 

However, the impact values of weld joints are acceptable since the required impact 

toughness is 45 J for prototype fast breeder reactor applications. 
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Aluminide coating on 9Cr-1Mo steels is widely reported for enhancing service life 
conditions in numerous applications such as petrochemical plant, turbine-driven systems 
and especially for test blanket module of fusion reactors. One of the critical issues 
associated with such aluminide coatings (α-Al2O3 + FeAl) is the fabrication sequence.  
In this study, effects of aluminide coatings have 
been investigated by autogenous TIG welding 
through bead-on-plate trials. The weld 
microstructures were investigated using X-ray 
diffraction (XRD), scanning electron microscopy 
with energy dispersive x-rays (SEM-EDX) and 
microhardness tests. It was observed that the 
presence of alumina (Al2O3) on the top of coated 
samples resulted in an improved depth of 
penetration (DOP) due to arc constriction. The 
schematic of arc constriction is shown in Fig. 1.  

 
Figure 1 Schematic of arc constriction for 

the Aluminide coated 9Cr-1Mo steel 

The concentration of Al in the weld zone contaminated the weld metal and it 

supports the δ-ferrite formation which would deteriorate mechanical properties. Results 

with bead-on-plate trials show that the -ferrite (Fig. 2 (a),(b)). had an average volume 

fraction of ~5.09% in the weld metal with an average 192–198HV0.05 microhardness. This is 

approximately half of the reported microhardness martensitic laths (396–410HV0.05).  

 

 
Figure 2. a) optical microstructure of 
delta ferrite b) SEM image of delta 
ferrite grain  

To restrict the delta ferrite formation within the 
permissible limit, conventional TIG welding process had 
been attempted with V-groove design in accordance to 
ASME standards. The microscopic studies indicated the 
presence of alumina inclusion at the weld fusion line. 
Despite such inclusions, the observed tensile strength of 

the weld joint for coated steel is 648 MPa16MPa which 
is in line with weld joint of un-coated steel (667±14 

MPa) and substrate (643 MPa18MPa). The impact 

toughness tests were carried out at 0C,-25C and room 
temperature indicate that there is no drastic effect of 
coating on weld joint and the observed toughness 
values are acceptable as per the reported data (45J). 
The present investigation would be helpful to 
understand the effect of aluminized coating on 
weldability for 9Cr-1Mo steels. Subsequently, the 
welding parameters deduced from this study can be 
utilized for the welding of aluminized 9Cr-1Mo steels for 
power plant, chemical processing industries and nuclear 
applications.  
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