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Abstract 

 

This thesis discusses on results of experiments carried out with austenitic, duplex and super 

duplex stainless steels and Ti-6Al-4V. In these it has been seen that the heat cycle during 

welding or weld simulation has a great effect on the properties of the materials. The properties 

are related to the resulted grain size after processing, as well as, to the chemical composition of 

the material. The thesis discusses on the grain size resulted after hot processing and how the 

properties are influenced by it. Also, it has been seen how large grain size influences the 

fracture toughness of the duplex stainless steel. The CTOD values become so low that an 

alternative production method should be used instead of casting. The thesis describes the 

behavior of grain size in the hot processing of Ti-6Al-4V and impact toughness resulted by 

various welding processes. The thesis shows correlation between grain growth behavior of 

metallurgically different materials, i.e. duplex stainless steel, Ti-6Al-4V and quenced and 

tempered low alloy steel. 
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1.0 Introduction 

 

Due to new production refining methods stainless steels with much lower carbon content than 

earlier have been developed. These new stainless steels have enhanced strength and also 

improved resistance to saltwater corrosion. These steels have been found to be particularly 

suited for use on offshore installations where the influence of salt water makes the installations 

vulnerable to pitting or crevice corrosion. Further now that the projected lifetime of the bottom 

installations is set to 40 years, materials with higher corrosion resistance are required in order to 

reduce maintenance and expensive repair work of manifolds, valves and bottom tubing for hot 

oil and gas mixed with residual water CO2 and even some H2S. The material cost for super 

duplex steel is about ten times that of ordinary structural steel. Yet it pays off to use more 

expensive alternatives when measured by life cycle cost. Relative prices of low alloyed 

quenched and tempered (Q&T) steel, stainless, duplex, super duplex stainless steels and 

titanium are shown in Table 1 [1, 2].  

 

For the special offshore installation also titanium has proven to have a good salt-water 

corrosion resistance. The particular brand of Titanium namely Ti-6Al-4V also known as ASTM 

Grade 5 Titanium, a high strength material with strength almost five times as that of basic 

Titanium Grade 1 at the same density. Grade 5 Titanium is particularly suited for riser tubing 

due to the combination of high strength, high corrosion resistance and low density of weight. 

The combination of properties is necessary for the North Sea oil and gas production methods to 

come. Ti Grade 1 has a price equal to that of duplex stainless steel and has an advantage of 

lower weight which is important for example for certain type of deep sea riser tubing.  

 

Table 1. Relative prices of some materials discussed in this thesis [1, 2]. 

 Relative price 

X70 type steel  1 

Austenitic stainless steel 5 

Super austenitic stainless steel 7 

Duplex stainless steel 5 

Super duplex stainless steel 8 

Ti Grade 1 5 

Ti-6Al-4V (Ti Grade 5) 9 

1 



 

With the future offshore installations with extended life cycles the focus has very much shifted 

to the toughness problems of the materials particularly to the welds of the new stainless steels 

and titanium, but also to those of the base materials. Generally the weldment has the lowest 

toughness but in the present thesis there are opposite examples, as well. A better knowledge of 

the metallurgical behavior at welding of these materials is therefore necessary and this thesis 

takes up problems for clarification particularly where further knowledge has been deemed 

necessary. 

 

Ti Grade 5 further is one of the most important materials in the field of airplane industry both 

when it comes to engines and also for the wings, landing gear and fuselage structures. All 

welded airplane structures were used until 1936 when high strength oxy-acetylene welded 

CrMo tubes were used for the purpose. Method and material were abandoned when aluminum 

entered as a lighter material for the aircraft body. Riveting became a dominant method, among 

the other things due to the fatigue problems with some of the welds. Now after sixty years, all-

welded fuselages are planned again, and then the toughness of the joints have become a crucial 

property as fatigue can be battered by grinding or peening the weld toes to eliminate inevitable 

notches.  

 

Thus in the present thesis different welding processes have been analyzed in order to elucidate 

further the scientific background required for material engineers in solving problems and choice 

of materials, welding methods, etc. Thus a number of physical metallurgical features have been 

studied in order to enhance knowledge viz.:  

 

1) HAZ pitting corrosion in Duplex Stainless Steel base metal and Heat Affected Zone 

(HAZ) is discussed in appended Paper A 

2) HAZ grain growth in Duplex Stainless Steel (DSS) in appended Paper A 

3) HAZ grain growth in Titanium Grade 5 in appended Paper B 

4) Comparison of kinetics of grain growth in HAZ of DSS, Titanium Grade 5 and QT-

steel in appended Paper C 

5) Charpy V and CTOD toughness in DSS heavy casting base metal and weld deposit 

in appended Paper D  

6) Comparison of grain sizes in base metal and HAZ and CTOD toughness of heavy 
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DSS casting and weldments in appended Paper E 

7) Application of the CTOD design curve on a weldment of heavy duplex stainless 

steel casting is discussed in a short note in Paper F 

8) Base metal Titanium Grade 5 with autogenous Electron Beam (EB) and TIG welds 

are being studied in appended Paper G 

9) A novel method to arrive at a particulate reinforced weld metal matrix composite 

from a cored wire containing refractory metal or metal oxide particulates is 

discussed in appended Paper H 

 

The method used throughout with each appended paper is systematic experiments followed by a 

scientific approach in the evaluation and the conclusions. The conclusions in the appended 

papers are further elaborated in the present thesis.  

 

2.0 Duplex Stainless Steels 

 

Duplex Stainless Steels (DSS) have existed already since the 1920’s as cast material, but still 

they are considered as new group of materials and made a breakthrough in manufacturing and 

usage during the 1990’s in wrought form. DSS consist of two phase microstructure of ferrite 

and austenite approximately equal amounts of both combining properties of high strength 

together with high toughness and good weldability. Typical analyses of DSS can be seen in 

Table 2. The rightmost column in the table with CPT called Critical Pitting Temperature, which 

is an experimental factor giving a relative measure to compare the corrosion resistance of the 

material with other stainless steels. The CPT is correlated to the steel analysis with an 

experimental Pitting Resistance Equivalent (PRE). PRE is calculated as shown in Equation 1, 

where Cr, Mo and N are weight percent of those alloying elements in the steel [3].  

 

NMoCrPRE ×+×+= 163.3  

 

With the combination of above mentioned properties DSS have become an attractive alternative 

for carbon steel in applications where corrosion resistance may be required, as well as, for 

standard austenitic stainless steels such as AISI 304 and 316 in construction applications where 

higher strength is needed. DSS give an economically attractive alternative for, especially, low 

alloyed austenitic stainless steels, e.g., AISI 304. The SAF 2205 type DSS with nominal 

(1) 
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composition of 22% Cr, 5% Ni, 3% Mo and .15% N would compete economically with AISI 

304 if the volumes of this DSS would increase. In properties SAF 2205 would even gain due to 

the at least equal corrosion resistance and weldability together with higher mechanical strength. 

Composition and mechanical properties of some DSS can be seen in table 2 and in table 3 [4]. 

 

The weldability and drastic deterioration of corrosion resistance after welding has been studied 

on large extent during the 90’s. It has been proven that the nitrogen content plays a major role 

in this. Nitrogen increases the stability and amount of austenite in DSS and increases corrosion 

resistance in atmospheres containing chlorides or fluorides, but on the other hand increased 

amounts of N may lead into nitride precipitation and thus decrease of these properties. Correct 

level of nitrogen in DSS has been found for the optimum phase balance with optimum 

weldability and corrosion properties and thus this is no longer a major problem in usage of DSS 

[5].  

 

Table 2. Chemical analyses of some common cast duplex stainless steels in wt-% according to 

ASTM A890/A890M standard. 

  C Si Mn S P Cr Ni Mo Cu N CPT 

             

Grade 4A Min      21.0 4.5 2.5  .10 31 

 Max .03 1.00 1.50 .02 .04 23.5 6.5 3.5 1.00 .30 40 

             

Grade 5A Min      24.0 6.0 4.0  .10 39 

 Max .03 1.00 1.50 .04 .04 26.0 8.0 5.0  .30 47 

 

Duplex stainless steels are normally used in solution annealed condition, i.e., they have been 

heat treated in a temperature above 1200°C for appropriate time followed by fast cooling 

produced by water quenching. When welded DSS undergo a heat cycle which may cause slower 

cooling than in quenching and thus may lead to intermetallic (IM) phase precipitation. The 

tendency to the intermetallic precipitation depends on the heat cycle temperature, cooling time 

and chemical composition of the material. Elements increasing the IM formation are, for 

example, Cr, Mo, Si and C, whereas Ni, Mn and N lower this behavior. IM formation in DSS 

causes deterioration in mechanical properties because the formed phases are very brittle. The 

formation of these phases lead in segregation of alloying elements. This leads into formation of 

4 



areas which are weak in corrosive environments. The most critical temperature interval for IM 

formation is between 1000 and 650°C and the cooling rate through this temperature range 

determines the formed microstructure and probability to IM formation [1].  

 

Table 3. Mechanical properties of some common cast Duplex stainless steels according to 

ASTM A890/A890M standard. 

 Re min. [Mpa] Rm min. [Mpa] CV at –40°C [J] 

    

Grade 4A 420 620 40* 

Grade 5A 440 640 40* 

* not specified by standard, but given by some manufacturers, e.g., Metso Lokomo Steels 

 

Nitrogen is used as an alloying element to increase corrosion resistance. It also hinders the IM 

formation and but also causes austenite to appear in higher temperatures. Formation of austenite 

in higher temperatures hinders intermetallic formation and segregation of the corrosion resistive 

elements. Disadvantage with nitrogen is that its solubility to ferrite is limited and thus excessive 

usage of it can lead to formation of pores or nitride precipitation [1].  

 

2.1 Corrosion properties of Duplex Stainless Steels and influence of welding 

 

When defining corrosion resistance of DSS, it is normally measured as resistance against 

corrosion caused chlorides or fluorides. This corrosion has two main forms, i.e., pitting 

corrosion and crevice corrosion, the latter being the more aggressive of the two. The resistance 

against pitting or crevice corrosion increases along with alloying with chromium, molybdenum 

and nitrogen, as described in Equation 1. The corrosion rate increases with increased 

temperature and CPT is a measure of the temperature above which type of corrosion does occur 

in a standard test environment. Experimentally it has been shown that the CPT can be linearly 

correlated to the PRE value. DSS with CPT values above 50 are commonly referred to super 

duplex stainless steels (SDDS) similar to super austenitic grades with CPT>50 [1].  

 

Probability to corrosion in DSS is increased by the inadequate heat treatment of the base 

material or too low heat input during the welding cycle. The first factor may cause 

inhomogeneous alloying element distribution and thus precipitate or phase formation which act 
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as weak points the corrosion to initiate in chloride containing environments. Too low heat input 

increases corrosion due to formation of ferrite-rich microstructure. This leads in nitride 

precipitation due to the limited solubility of nitrogen in ferrite. Nitrides precipitate in ferrite and 

thus the nitrogen content in austenite is lowered causing decreased corrosion resistance [1].  

 

In the experiments this thesis, it has been seen that the corrosion resistance of the welded DSS 

and super DSS is slightly below that of the base material in the standard ferro-chloride test. The 

CPT was lowest with the samples with lowest heat input and thus most rapid cooling. The CPT 

was on the same level as with the solution annealed base material or slightly below in samples 

with slow cooling.  

 

2.2. Charpy V impact toughness of Duplex Stainless Steels and the influence of welding 

 

Austenitic stainless steels and their weld deposits are known for their excellent impact 

toughness even in cryogenic temperatures and show no tendency to brittle transition as opposite 

to that of mild or high strength low alloy (HSLA) steels. The excellent toughness of austenitic 

steels has allowed the designers to use them in such applications as in offshore crude oil 

drilling. Duplex stainless steels for their part show also reasonably good toughness but not for 

as low temperatures as the austenitic steels. The toughness of DSS is clearly better than that of 

mild or HSLA steels but on the other hand clearly worse than that of austenitic stainless steels.  

 

The Charpy V impact toughness of welded DSS has shown a correlation with the cooling time 

in such way that the toughness is lowered with short and long cooling times. In fast cooling the 

toughness is controlled by decomposition of austenite from ferrite phase. With high cooling 

speed the austenite reformation is hindered and microstructure becomes predominantly ferritic 

which is more brittle phase. Another factor affecting toughness with high cooling speed is 

precipitates. In DSS the nitrogen content higher than the ferrite phase can dissolve. When in fast 

cooling the microstructure forms ferrite, this can lead to nitride precipitation which causes 

decreased toughness and corrosion resistance. The nitride precipitation is, however, decreased 

when increasing nitrogen content in DSS because then the decomposition of austenite from 

ferrite takes place earlier in higher temperatures and thus on shorter time [6].  

 

Slow cooling, on the other hand, causes decreased impact toughness due to the grain growth. In 
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slow cooling intermetallic phase precipitation becomes possible although in the experiments of 

this thesis no sigma or other brittle phases were detected in the material studied even with the 

longest ∆t8/5 times of 265 s. Cooling times of this long can be achieved in electro slag welding.  

 

Generally the impact toughness is acceptable for the DSS weld metal and HAZ if the heat input 

is controlled and kept on adequate level, not too long or too short.  

 

2.3 Fracture mechanical behavior of Duplex Stainless Steels in CTOD tests 

 

Despite of the growing interest and usage of DSS in offshore applications there has been a lack 

of fracture mechanical test data for these materials. As a comparison, widely used HSLA steels 

have very strict requirements for their CTOD results both for the base material and especially 

for the HAZ of the welds in offshore applications [7].  

 

In the present experiments it was observed that the CTOD had a large dependency on the grain 

size, as well as, on the ferrite content of the DSS. In order to control the fracture mechanical 

behavior of the DSS, its grain size and ferrite content should be limited. The latter can be 

affected by correct chemical composition to give the right amount of austenite. Too much of 

austenite would not produce required mechanical strength, i.e., there is an optimum for the 

austenite-ferrite balance to give high enough CTOD value but also strength at the same time in 

cast DSS. The grain size is more difficult to control in DSS since it can not be decreased by 

heat treatment like the case is with ferritic steels which undergo grain size refinement while 

having austenite to ferrite phase transformation during correct heat treatment [7].  

 

Grain size plays an important role in the fracture mechanical behavior of DSS. In the 

experiments of this thesis it was observed that the cast base material had a grain size almost two 

orders of magnitude larger than that of the weld deposits. Base material CTOD values were 

significantly lower at the –40°C test temperature compared with CTOD values of the welds. 

When studying the microstructure the crack was found to propagate along the large grains 

forming faceted brittle areas on the crack surface. Very small ductile torn areas were detected in 

the crack surfaces.  
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2.4. Summary of the properties of the DSS and influence of the heat cycle  

 

In the experiments of this thesis it has been seen that the heat cycles which have been used 

influence mainly the grain size and ferrite/austenite balance but have not caused any 

intermetallic phase formation. The heat cycles have consisted of cooling times from 1200°C to 

800°C (∆t12/8) varied between 2.8 and 93 s. Peak temperatures of 1370°C and 1355°C were used 

for SAF 2205 and SAF 2507, respectively. Longest cooling times were observed to cause 

decrease in the impact toughness. This drop in mechanical properties was linked to grain 

growth in the material. No intermetallic phase precipitation was observed even with the longest 

cooling times in the highly allowed super duplex stainless steels. 

 

Short cooling times caused also drop in the impact toughness. This was caused by too high 

ferrite content in the microstructure. With fast cooling there is not enough time for ferrite 

decomposition and austenite formation. Thus the formed microstructure is higher in ferrite than 

in austenite and the mechanical properties are worsen. The fastest cooling caused nitride 

precipitation into the ferrite phase. This decreases both impact toughness and corrosion 

resistance of the material.  

 

The CTOD test results were strongly influenced by the grain size. The lowest CTOD values 

were observed with cast base material, which had the largest grains. This was in contrast with 

the Charpy impact toughness values, which were superior in the -40°C test temperature. The 

CTOD value correlated with both the grain size and ferrite content of the material decreasing as 

both entities increased.  

 

3.0 Metallurgy and properties of Titanium 

 

Titanium Grade 5 or Ti-6Al-4V has been for a long time widely used in the aerospace industry 

for its excellent combination of high strength and low weight. It has been recognized also in 

offshore applications because of the mentioned properties plus its excellent corrosion resistance 

in salt water, as well as, in other similar corrosive environments such as in the pulp and paper 

industry. In these applications this material competes with duplex and super duplex stainless 

steels. Main limiting factors for wider usage of Ti-6Al-4V has been its susceptibility to 

hydrogen embrittlement and its price. The latter has decreased during the last decade along with 
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larger volumes used. The chemical analysis of Ti-6Al-4V is given in table 4. There are only two 

alloying elements in Ti-6Al-4V, i.e., aluminum and vanadium. All other elements are 

considered as impurities which deteriorate properties or behavior of the material [8].  

 

Table 4. Chemical analysis of Ti-6Al-4V in wt-% according to the ASTM standard.  

 C Al V Fe O N H 

        

Min  5.50 3.5     

Max .10 6.75 4.5 .40 .20 .015 .05 

 

The microstructure of Ti-6Al-4V consists of a duplex structure containing α and β phases. 

Unalloyed titanium has a single α-phase structure with hexagonal close packed morphology. 

Ti-6Al-4V goes through an allotropic phase change at 885°C above with the body centered 

cubic β-phase is stable. Aluminum is an α-stabilizer in titanium and vanadium is a β-stabilizer. 

Thus the addition of these both results in the duplex microstructure. The presence of β-phase in 

the microstructure has following effects [8]: 

 

- enhanced strength 

- improved hot workability 

- enhanced toughness 

- response to heat treatment 

 

During a very rapid cooling the β-phase may transforms by a martensitic reaction. The structure 

and properties of the resulting microstructure depends of annealing temperature and cooling 

rate. Quenching from temperature above β-transus (app. 980°C) results in a fully martensitic 

structure with a hexagonal α’-phase. At heat treatment of the α’-structure in the temperature 

range of 300 to 600°C there will appear a hardening when α’ transforms to β. Precipitation of 

Ti3Al (α2-phase) has been observed after aging at 500 °C [8].  

 

Slow cooling from the β-range results in precipitation of α on the former β grain boundaries. 

This is followed by a Widmanstätten type precipitation within grains as the material cools. Air-

cooling from the β-region with fast cooling rate but which is not quenching results in a fine 
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needle-like α-phase referred as acicular alpha [8].  

 

Titanium has large affinity for residuals and picks up carbon, nitrogen, hydrogen and oxygen 

during processing and heat treatment. The residual pickup leads to hardening and loss of 

ductility. Titanium hydride may also render the material brittle.  

 

Yield strength of Ti-6Al-4V in annealed condition is approximately 830 MPa which is almost 

five times as high as that of unalloyed titanium. The mechanical properties can be significantly 

affected by heat treatment. The yield strength can be increased by heat treatment from 

approximately 700 to 1050 MPa by altering the solution annealing temperature from 825 to 

925°C. As the strength increases the toughness is reduced and the elongation decreases from 

17.5% to 3.5%, respectively. Best elongation can be achieved by annealing at 845°C followed 

by ageing at 540°C, This results in yield strength of 670 MPa with 23% elongation. Yield 

strength values as high as 1100 MPa can be achieved with solution annealing followed by an 

aging treatment [8].  

 

3.1. Welding of Ti-6Al-4V  

 

Tensile test results have shown that the elongation of welded Ti-6Al-4V deposits were reduced 

to a level of 4% in comparison with that of the base metal, being more than 10%. At the same 

time the yield strength remained unchanged ranging from 850 to 970 MPa. Thus welding 

strongly reduces the ductility of Ti-6Al-4V. Welding process, heat input and resulting grain size 

affect the toughness of the weld deposit. Also because of the high affinity to pick up residuals 

the gas shielding during the welding process plays very important role. Normally Ti-6Al-4V is 

welded with its root shielded with gas and using a trailer cup following the arc to give 

maximum protection to the cooling metal. Sometimes it may also be necessary to carry out the 

welding in a shielding gas chamber for optimal properties [9].  

 

Resulting grain size affects the toughness. The resulted grain size can be influenced by 

restricting the heat input or by increasing the cooling speed with for example chilled copper 

blocks on the sides of the weld deposit. Cooling rate determines the grain size of the weld 

metal, but also it determines the microstructure, which becomes martensitic α’ with fast cooling 

and Widmanstätten α + β with slower cooling [9].  
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4.0 Results and conclusions drawn from the included papers 

 

4.1 Grain growth in the coarse grained zone 

 

In low alloyed QT steel, duplex stainless steel (DSS) and Ti6Al4V the zone next to the fusion 

line in heat affected zone (HAZ) is critical to the properties of a weld deposit. In the cases of 

the three materials mentioned the HAZ is heated up to a single phase temperature and after 

transformation the single phase starts to grow. In the case of QT steel the phase is austenite. 

With the DSS the high temperature phase is �-ferrite and with Ti6Al4V the phase above the 

transus is the �-Titanium. The �-ferrite and the �-titanium both have body centred cubic 

structure (BCC) and thus faster grain growth can be expected than with the austenite which has 

close-packed face centred cubic (FCC) structure. The grain growth is proportional to the self-

diffusion coefficient which is greater for the less closely packed BCC structure. 

 

In the experiments of the three materials the welding temperature cycle has been simulated with 

a Gleeble simulator. Gleeble uses a temperature algorithm derived in the early 70’s with peak 

temperature and cooling time between 800 and 500°C �t8/5 as main parameters. The three 

materials were tested with different peak temperature and permutated �t8/5 values .The results 

were plotted in a diagram cooling time �t8/5 as a function of grain size D. It appeared that the 

data points have a good fit as straight lines in the log-log-plot as shown in Figure 1. The mean 

inclination thus obtained give a relation log D = k * log �t + L. The three different crystal types 

thus have a similar kinetics and the k-value is a reflection of the Arrhenius activity coefficient 

for grain growth. This activation energy can be evaluated in the following way. At each 

temperature that the HAZ passes after transformation to the high temperature single phase, the 

grain will grow according to the equation. 

 

tkeDD RTQnn /
0

−=−  

 

By using a method developed by Oshige and Ikawa it is possible to derive slopes for the 

different materials to be 1/3.16 for �-titanium 1/2.97 for �-ferrite grain growth and 1/3.89 for 

austenite grain growth which falls in line with proportionality to the grain boundary self 

diffusion coefficient for the three different crystal types in question. Thus the function for grain 

(2) 
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growth for a given heating and cooling cycle would be 

 

5/8
/

20 tekDD RTQmm ∆=− −  

 

where m is about 3-4 depending on crystal structure of the growing grain. 

 

Figure 1. Grain size as a function of ∆t8/5 and their best correlation.  

 

Thus it is evident that for HAZ grain growth in the high temperature region above phase transus 

the three different materials follows the same kinetics, and that titanium �-phase with its more 

open structure will resulted in the largest grains as compared to �-ferrite of the duplex steel or 

austenite of the QT steel. It appears that the slope of the grain growth line is proportional to the 

grain boundary self diffusion coefficient. 

 

As it has been shown in the appended papers the toughness and strength properties are a 

function of the composition, form and size of the different phases. The phase determining the 

properties can be grain boundary precipitates, formed at lower temperatures as acicular, result 

of martensitic formation or other products obtained on the decomposition of the high 

temperature phase. There are similarities in the growth kinetics of the high temperature phases. 
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Further there are certain similarities as to decomposition at cooling. One interesting similarity is 

that during cooling first appearing grain boundary precipitation is followed by the formation of 

Widmanstätten type precipitation at lower temperature or if the cooling is faster by acicular 

decomposition products. Austenite and �-titanium both transfer to martensite if the cooling rate 

is rapid enough. The martensite in the case of QT steel is hard but brittle due to the strong 

distortion of the BCC lattice induced by carbon, while the titanium �´-martensite is tougher 

when compared to martensite in ferritic steel.  

 

The heat cycle impacts on the resulted microstructure and grain size and thus properties of the 

weld deposit. In the experiments of the included papers the properties of duplex stainless steels 

(DSS) and super duplex stainless steels (SDSS) and Ti-6Al-4V were studied. Toughness of 

DSS and SDSS is influenced by two factors: appearing phases and grain size. With very fast 

cooling the grain size of DSS and SDDS remains small but the microstructure becomes high in 

ferrite with possible nitride formation. Both features result in low impact toughness and low 

corrosion resistance. Long cooling instead results in large grains, high austenite content and no 

nitride precipitation, but still lowered impact toughness compared to the best properties. In this 

case the factor influencing the results was assumed to be the grain size. The influence of the 

cooling speed on the Charpy-V impact toughness acceptance criteria temperature can be seen in 

figure 2. The acceptance criteria of 16J and 12J were used for DSS and SDSS, respectively due 

to the reduced thickness of the Charpy specimen.  

 

The Charpy-V values for the electron beam (EB) welded Ti-6Al-4V specimens were higher 

than those for the base material and TIG welded ones above –70°C temperatures. This was 

assumed to be result of a steep temperature gradient caused by the EB welding and thus resulted 

small grain size compare to the base material and TIG welded material. The observed Charpy-V 

values for the Ti-6Al-4V can be seen in figure 3. In the case of titanium the element that is in 

forced solution in the martensite is substitutional as compared to that of steel where the 

distorting element is interstitial. This explains why better toughness was observed with the 

titanium EB-welds as compared to TIG-welding, as discussed in paper C. This is why Electron 

Beam (EB) welding is applicable for the Grade 5 titanium despite the resulting cooling speed in 

the HAZ.  
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Figure 2. Charpy-V acceptance criteria for duplex (DSS) and super duplex stainless steels 

(SDSS) as a function of cooling speed ∆t12/8. 
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Figure 3. Charpy-V curves for base material, TIG-welded and EB-welded Ti-6Al-4V. 
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4.2 On the stainless steel weld deposit as a particulate metal matrix composite 

 

It has been shown in Paper H that the microstructure of the weld deposit can be engineered by 

adding ceramic particles into it through the welding arc. If the particles are fine enough and are 

dispersed uniformly, they can affect the grain size, but also the creep properties of the weld 

metal. The success of transferring particles through the arc depends of various factors such as 

density and size of the particles. In the experiments of the paper the smallest particle size used 

was not in the range which could produce in higher creep resistance due to particle 

reinforcement. The weld deposits were not tested for their creep resistance. However, the paper 

introduced a method to successfully produce such weld deposits using power ceramic particle 

filled wire as consumable. The conceptual design criteria introduced in the paper can be seen in 

figure 4.  

 

Figure 4. Conceptual design criteria for the particulate composite weld deposit. Dots indicate 

experimental parameters used in the appending Paper H. 

 

4.3 Tolerable flaw size in a cast manifold weldment 
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important aspect in steel selection when the material shows a ductile/brittle transition is to 

choose steel with sufficient toughness property at the design temperature. Ferritic steels with 

high yield strength demand in the respect of their toughness properties. High design stress 

makes it necessary to evaluate a possible brittle fracture failure mechanism for also thinner 

plates. Without an acceptable toughness the possibility of optimizing the design stress would be 

lowered when avoiding an unstable fracture and therefore the advantaged of using a material 

with higher strength will disappear. 

 

The complexity of different failure mechanism as brittle or quasi brittle and plastic collapse in 

collaboration with damage mechanism as fatigue, creep and corrosion have because of the 

failure consequences lead to the developing of procedures in Engineering Critical Assessment 

(ECA). Validated procedures today are the R6-dokument used in the nuclear industry, API 579 

that is used in the refinery/chemical industry and BS 7910, generally applicable for 

theassessment of flaws in welded structures. These procedures make, in the fracture mechanics 

analysis, use of the Failure Assessment Diagram (FAD), also called the R6 methodology. The 

FAD considers both the risk for brittle fracture and plastic collapse and uses two parameters, Kr 

and Sr (Lr for level 2 and 3 in BS7910). The former is defined as the fracture ratio of applied 

elastic stress intensity factor (KI) to material toughness (KC), and the latter (Level 1 in BS7910) 

as the ratio of applied load (σref) to flow strength load (σf) or alternative (Level 2 and 3 in 

BS7910), as the ratio of applied load (σref) to yield strength load (σY). 

 

A failure assessment of welded structures set increasing demands on the quality of engineering 

and procedure used for the analysis. Metallurgical and mechanical heterogeneity of weldments 

combined with effects of stress concentrations, different yield strength levels (“mismatch”) and 

induced non-uniform through-thickness residual stresses make the failure assessment more 

difficult to evaluate. The residual stresses do not themselves cause plastic collapse but 

contributes to local conditions at the crack tip, i.e. affecting the stress intensity and making the 

risk of brittle fracture more severe. Thus, if the analysis were based on a constant through 

thickness residual stress distribution (σres=σY) it would lead into an over-conservative 

estimation of the tolerable flaw size and also significantly decrease the fatigue life predictions. 

The enhancements of using less conservative residual stress distributions when evaluating 

structural integrity at the design stage or its fitness-for-purpose, when damage has occurred, 

must therefore be emphasized. When not having validated algorithms for non-uniform residual 
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stresses implies also in this respect the use of post weld treatment in failure assessments for 

decreasing the risk for brittle fracture or increasing the predicted fatigue life. 

 

The demands of realistic analysis with regard to failure risks being on the safe side but at the 

same time avoiding unnecessary high frequency of inspections and repairs, or replacements, 

makes therefore this field of science to a continuing process. 

 

There is a great interest in developing and applying of structural reliability methods instead of 

using more conventional and more conservative deterministic worst case approach. This trend 

in failure assessment allows for uncertainties in the input data using the statistical spread of key 

FAD parameters such as material strength, toughness characteristics and sizing the flaw 

dimensions by an NDT method of a given reliability, characterized by Probability Of Detection 

(POD). Two approaches have so far been outlined. First approach is a statistical method which 

with Monte-Carlo algorithms repeated for each sampling sequence plots into FAD. The ratio of 

plots outside FAD to the total number of samplings defines the probability of failure. The 

second approach maps iso-probable limit curves into FAD when computing the probability 

using First Order Reliability Method (FORM). The assessment is in this case deterministic and 

the position into FAD in relation to the curves decides the probability of failure. 

 

It is common practice to use duplex stainless steel castings in valves, fittings and manifolds at 

the see bottom bed where gas and oil is distributed to risers and where water and CO2 gas is 

injected into the well. Stainless duplex casting has the advantage not to corrode in the salt-water 

environment. Also it is rather resistant to H2S stress corrosion cracking as well as CO2 stress 

corrosion. Further the material has the advantage of much higher yield strength as compared to 

austenitic stainless steel. 

 

For the mentioned products the offshore codes also specify CTOD tests at temperatures as low 

as -40°C. Such a demanding requirement for the material is needed because a possibility that if 

there is a leak of gas, the material round the leakage is cooled down by the expanding gas to the 

low temperatures locally. As duplex stainless steel casting contains some 50 pct of ferrite a 

temperature transition is and some brittle behavior can be expected. The question is if there is 

any possibility to use the obtained toughness values for a calculation of largest permissible sizes 

in the cast product. CTOD values obtained and reported in the Papers D and E have been used 
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for the calculations. 

 

When aiming to screen the possibility of using a DSS cast manifold in a real situation, a 

calculation was carried out in Paper F. At this stage there is with the limited input data 

convenient to use the simplified and graphical Level 1B procedure, outlined in BS7910: Annex 

N, based on Level 1A FAD. This plot can be seen in figure 5. The procedure has a built in 

safety factor about 2 together with worst-case estimates of the key FAD parameters and full 

yield welding residual stress. These assumptions require therefore, in form of partial safety 

factors, no regard to the statistical distribution of these parameters. The failure analysis based 

on a Leak-Before-Break criteria is exemplified with the manifold theoretically connected to a 

deposited pipeline at N`Kossa. In this case the calculation showed that a CTOD value of 0.06 

mm at -40°C observed in the experiments in Papers D and E would be insufficient with regard 

to the girth weldment at the nozzle. The base material could be sufficiently tough but further 

analysis requires the Level 2 FAD. Changing the analysis to the less conservative Level 2 FAD 

would certainly improve the tolerable flaw size but hardly enough to stand the outlined criteria, 

without changing the design stress. 

 

 
Figure 5. Example of a design curve for duplex stainless casting according to a sample 

calculation Paper F.  

 

 

 

Kr 
 
or 
 
√δr 

18 

Sr 



5.0 Summary and conclusions 

 

It has been shown how duplex stainless steel has an optimum cooling speed which results in 

best impact toughness properties. Grain size and microstructure control the resulting properties. 

Microstructure and grain size have a major effect on the fracture toughness of duplex stainless 

steel. CTOD values of 0.10 mm in average at -40°C were observed for the base metal with an 

average grain size of 6500 µm.  

 

Electron beam (EB) welded Ti-6Al-4V results in smaller grain size and better impact toughness 

as compared with TIG welded material. In the thermo-mechanical simulation studies of Ti-6Al-

4V the resulting grain sizes have been determined. It was also observed that postweld heat 

treatment in 925°C reduces the hardness and could be used to increase the toughness of the 

material.  

 

Grain growth of the high temperature single phase can be determined as a function of cooling 

rate with the same equation even for metallurgically different materials such as duplex stainless 

steels, Ti-6Al-4V and low alloy quenched and tempered steel. The grain growth for given 

heating and cooling follows the equation: 5/8
/

20 tekDD RTQmm ∆=− − , where m is about 3-4 

depending on crystal structure of the growing grain. 

 

A method has been described to mix the particulate with the powder in the core of welding 

wire. This has been studied to produce engineered weld deposits for increased creep resistance. 

It appears that the method is fully feasible but that still smaller particles that are necessary if 

increased static strength or creep strength should be obtained. The method however could be 

further elaborated in order to come down in the desired dispersion and particle sizes. 

 

When using duplex stainless steels for oil well manifolds at the bottom of the sea it was 

observed that the base material would be sufficient to the design stress but the weld deposits 

would fail. The grain size of the base material was large and the fracture propagated along the 

grain boundaries. It was suggested that a production method resulting in smaller grain size 

would be preferred for such application where low temperature fracture toughness is required.  
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7.0 A summary of included papers 

 

Paper A. E. Kivineva and NE. Hannerz. The properties of Gleeble simulated heat affected zone 

of SAF 2205 and SAF 2507 duplex stainless steels. 4th World Duplex Conference in Glasgow in 

November 1994. Paper 7 

 

The influence of the heat cycle of the welding process on the properties of the heat affected 

zone (HAZ) of two duplex stainless steels, SAF 2205 and SAF 2507, was investigated. Welding 

heat cycles were produced with a thermo-mechanical Gleeble simulator. The cooling time from 

1200°C to 800°C (∆t12/8) was varied between 2.8 and 93 s. Peak temperatures of 1370°C and 

1355°C were used for SAF 2205 and SAF 2507, respectively. Microstructure, phase balance, 

grain size, Charpy-V impact toughness and pitting corrosion resistance were studied.  

 

Cooling rate and heat input during the weld cycle were found to have a major effect on the 

ferrite-austenite phase balance, as well as, on the grain size. Both had a linear correlation on 

logarithm of the cooling time ∆t12/8 amount of ferrite decreasing and grain size increasing with 

cooling time.  

 

Critical pitting temperature (CPT) was improved with slower cooling and longer cooling time 

∆t12/8. Shorter cooling results in higher amount of ferrite phase, which has lower ability to 

dissolve nitrogen than austenite phase and thus its corrosion resistance becomes lower. The 

faster cooling results in also nitride precipitation into the ferrite phase. This decreases both 

corrosion resistance and the impact toughness.  

 

If the cooling time becomes long enough, the impact toughness is decreased. This toughness 

deterioration was affected by the growth of large ferrite grains decorating the austenite grain 

boundaries. It could also be affected by interstitial phase precipitation into the ferrite phase but 

no interstitial phases were, however, observed in this study even with cooling times of such 

long as ∆t12/8 93 s and relatively highly alloyed duplex stainless steel SAF 2507.  

 

In order to have best corrosion and toughness properties in the weld deposit the cooling rate 

should be kept in an optimum range because below and above this range the properties are 

weaken.  
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Paper B. E. Kivineva, NE. Hannerz and R. Sjöberg. Microstructure of Ti-6Al-4V weld metal 

and simulated HAZ. OMAE Conference in Copenhagen 1995. pp. 401 - 407 

 

TIG and plasma arc welded Ti6Al4V (Titanium Grade 5) 3.2 mm thick plates were studied. The 

welds were studied for mechanical properties and for their microstructure. The plasma welding 

was carried out with and without external copper cooling blocks. The mechanical properties 

were studied in the as welded condition and in the post weld heat treated condition.  

 

The heat affected zone (HAZ) grain size and phase structure were studied using thermo-

mechanical Gleeble simulator for the test specimens. The cooling time from 800°C to 500°C, 

∆t8/5, was varied between 10 and 300 s. Simulated HAZ grain size had a linear correlation with 

the logarithm of the cooling time ∆t8/5.  

 

It was observed that plasma welding results in smaller grain size than TIG welding. It appeared 

that TIG welding resulted in rather large β grains with mean size of 830 µm. Fast cooling of 

weld and HAZ result in martensitic microstructure, whereas, slow cooling leads to the 

formation of Widmanstätten microstructure. In the slow cooled specimens α phase is 

precipitated on the prior β grain boundaries. Smallest weld metal β grain size of 375 µm was 

obtained by plasma arc welding with water-cooled copper blocks.  

 

The results sow that the grain size of welded Ti-6Al-4V can be refined by reducing cooling rate. 

The resulting properties, especially the toughness, will, however, remain, poor due to the 

microstructure and residual stresses in the weld deposit. To obtain the desired toughness it 

appears that post weld heat treatment would be necessary when low heat input and thus fast 

cooling rate is employed. Post weld heat treatment of one hour at 925°C followed with slow 

cooling was found to significantly decrease weld metal hardness and is expected to improve the 

toughness of the deposit.  
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Paper C. E. Kivineva, Z. Zhiliang and NE. Hannerz. Grain growth with simulated weld cycles 

as studied on structural QT steel, on duplex stainless steel and on Ti-6Al-4V. Joining of 

Materials, Vol. 13, No. 4, (2001). pp. 91 - 96 

 

Grain size and grain growth in three materials with different metallurgical characteristics and 

properties were studied. The materials were structural Qt steel, duplex stainless steel and 

Ti6Al4V (Titanium Grade 5). At welding, the high temperature crystallographic phase grains 

will grow rapidly, and at cooling formed coarse grains will decompose to Widmanstätten plates, 

bainite, martensite or similar lathlike structures. Preceding this decomposition within the prior 

high temperature grains, precipitation will take place in the boundaries at the highest heat inputs 

(and thus slowest cooling). The final structure will generally yield an embrittlement as 

compared to the as delivered base material at least with high heat inputs and slow cooling.  

 

The grain growth during the welding cycle is very similar in the three cases, β phase in 

Ti6Al4V, γ phase in QT steel and δ phase in duplex stainless steel. The grain size can be 

represented as a straight line in the log grain size vs. log cooling time from 800°C to 500°C 

(∆t8/5) -diagram.  

 

It appears that all observations of grain size can be sampled in one line if the activation energy 

and peak temperature of the grain growth are taken into consideration. It actually also appears 

that the relative activation energy for grain growth show a proportionality to that of the high 

temperature grain boundary diffusion in each material.  

 

An equation for the grain growth vs. cooling time ∆t8/5 was derived based on earlier Dm = kt 

relation for isothermal growth. It appeared that based on the HAZ simulation results and the 

grain sizes observed in those experiments, the equation can be expressed as Dm = k ∆t8/5, where 

m is 3 to 3.8 depending on the structure of the growing grain.  

 

Paper D. E. Kivineva, J.I. Eriksson and H. Åström. Weldment toughness of duplex stainless 

heavy steel castings at –40°C. 5th World Duplex Conference in Maastricht, the Netherlands in 

October 1997. pp. 201 – 206 

 

In this work the fracture toughness of a welded heavy, cast duplex stainless steel was studied 
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using Crack Tip Opening Displacement (CTOD) method. Test material was a commercial grade 

Duplok 4A according to ASTM A890/A890M standard (USN J92205) which is a cast 

equivalent to wrought SAF 2205 material. The material thickness was 70 mm. Test material 

was welded using shielded metal arc (SMAW) and flux cored wire (FCAW) methods.  

 

The base material had an excellent toughness in Charpy-V tests even at -40°C temperature 

where an absorbed energy of 177J was observed. Also the SMA and FCA welded deposits and 

heat affected zone (HAZ) showed Charpy-V results well above the approval criteria 27J at this 

temperature. The weld metal impact energies ranged between 33 and 40J at -40°C. 

 

The CTOD specimens had a cross section of 60 x 60 mm. The tests were carried out for the 

welded deposits with the notch located at the centerline of the weld deposit and at the HAZ. 

The CTOD tests were done at -40°C for test material in the as welded condition.  

 

The SMA welds had CTOD tests results between 0.14 and 0.22 mm and SMA HAZ showed 

results between 0.04 and 0.31 mm. The FCA welds had CTOD values between 0.21 and 0.22 

mm and its HAZ showed values from 0.15 to 0.18 mm. The lowest values in the HAZ were 

received in the case where the notch has propagated into the base material rather than into the 

weld metal and HAZ. In the microstructure investigations no intermetallic phases were found in 

the weld metal or in the HAZ:  

 

Paper E. E. Kivineva and NE. Hannerz. Characteristics on the microstructure of welded duplex 

casting CTOD fracture surfaces. 6th World Duplex Conference in Venezia, Italy in October 

2000. pp. 767 – 772 

 

Samples of the CTOD fracture surfaces were of 70 mm thick cast duplex stainless steel welded 

with SMA and FCA processes were studied. Base material was ASATM A890/A890M grade 

4A (UNS J92205) which is similar to the wrought SAF 2205 duplex stainless steel. The base 

material CTOD results were also compared with the results of the welded ones. Base material 

was in solution annealed condition, whereas the welded samples were tested in as welded 

condition.  

 

The base material had the lowest CTOD value despite its highest Charpy-V impact toughness in 
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the test temperature of –40°C. The Charpy-V results were superior for the base material at the 

test temperature, being in 177J in average of three tests compare to the weld metal results of 36 

– 39J in average. Despite of this high appearance of the impact toughness the CTOD results 

were poorer for the base material, being on the limit of the acceptance criteria of 0.1 mm. The 

weld metal results were in a range of 0.18 to 0.21 mm.  

 

The difference of the CTOD values was found to have correlation on two factors:  

- ferrite/austenite balance in the material and  

- grain size of the sample  

 

Base material had ferrite content of 58% determined by point counting and the SMA and FCA 

weld metals had 27% and 42 ferrite, respectively. The grain size of the base material was in two 

orders of magnitude higher than that of the weld metals. The results of the grain size 

measurements showed results of 85 and 95 µm for the SMA and FCA weld metals, 

respectively. The base material had an average grain size of 6500 µm. In microstructural study 

no intermetallic phases were detected in the base metal nor in the weld deposits. 

 

As a summary in this study it was concluded that, when using cast duplex stainless steel in 

structural applications at low temperatures where fracture toughness plays an important role, 

design criteria for such cases should be derived: 

- microstructure should contain 50 percent austenite minimum 

- the grain size of such components should be restricted 

The first criteria can be achieved with correct chemical composition, which needs to be 

balanced with the requirements in mechanical properties. When increasing the austenite 

content, the mechanical strength is decreased. The latter criterion is more difficult to influence. 

There has been reports showing influence of deoxidation method to have an influence on the 

grain size in cast duplex steels. This normally is based on usage of some oxide forming 

element, e.g., rare earth metals or calcium carbide, to form particles around which the duplex 

stainless steels nucleates during the solidification thus resulting in lower grain size. This 

method often leads to lowered but still acceptable impact toughness values than without this 

treatment.  
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Paper F. E. Kivineva and C. Larsson. CTOD toughness of weldments in duplex stainless steel 

heavy casting and evaluation of maximum acceptable flaw size with the new BS 7910 code. 

Presented as a poster in BALTMATTRIB - 2003 Conference in Tallinn, Estonia in October 

2003 

 

The necessity of doing an evaluation of structure integrity is depending on the failure 

consequences with respect of human life and economical cost. The demands on the materials 

used in the offshore industry are in this respect high due to the above reasons, and avoiding a 

brittle fracture is therefore of large importance. Using the new BS 7910 code Level 1B (Annex 

N) gives an initial screening level when doing a fitness for purpose evaluation. The same 

procedure can also give the designer a good view at the initial stage with the benefit to give a 

conservative tolerable flaw size, only demanding the most essential data. A validated method in 

assessing flaws gives therefore for example the important lower bound material property for 

reaching the acceptance level. Paper discusses certain problems in this issue as when it comes 

to evaluate the integrity of weldments and also show the significance of the material toughness 

and the residual stresses induced by welding. A CTOD value of 0.06 mm could if only 

assessing flaws in the base material in certain circumstances reach the acceptance limit but 

would in a weldment not postweld heat treated, or in this case not solution annealed and 

quenched, be too small. A poor CTOD value will therefore according to differences when 

assessing flaws in the base material as compared to that of weldment give a clear demonstration 

of the well-known importance of the material toughness.  

 

Paper G. E. Kivineva and NE. Hannerz. Grain size and toughness of Ti-6Al-4V electron beam 

and TIG weld deposits. The International Welding/Joining Conference “Intelligent Technology 

in Welding and Joining” in Kyongju, Korea October 2002 

 

Electron beam (EB) and Gas tungsten arc (TIG) welds were performed on 12.7 mm thick Ti-

6Al-4V plate (ASTM Titanium Grade 5). Charpy-V toughness and hardness, as well as, 

microstructure of the welds and penetration from the macrostructure were studied. It appears 

that by EB welding rather smaller β-grains than with TIG welding can be obtained. Next to the 

fusion line the β-grain size in the HAZ was 50 µm while in the weld metal it was 150 µm. 

Charpy-V toughness of the EB weld metal was equal or even better to that of base metal, which 

shows that the α-martensite per se is not particularly brittle if only the grain size is fine enough. 
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This is similar to behavior of low carbon martensite in steel.  

 

The grain size was studied with light optical and scanning electron (SEM) microscopes. Thus 

for products which can be manufactured automatically with very narrow fit, the EB welding of 

Ti-6Al-4V appears to yield satisfactory toughness without any complex post weld heat 

treatment. In this study as in earlier studies the TIG welds gave clearly lower toughness than 

that of the base material due to the higher heat input and slower cooling as compared to EB 

welding.  

 

SEM investigation of Charpy-V specimen fracture surfaces revealed a rock candy looking but 

in reality consisting of large but flat dimples. This was the case in the lowest temperatures were 

the toughness was not higher than 12 J. At the highest temperature with Charpy-V values above 

50 J, fracture surfaces were at ductile tearing type with smaller dimples particularly within the β 

grains. At approximately the same toughness energy values the base material fracture surface 

would look more cleavage like with river patterns. No sharp transition in ductility was observed 

with the test material. 

 

The results would suggest that it could be possible to apply EB welding on longitudinally 

welded pipes. Other welding methods would require costly post weld heat treatment to achieve 

adequate toughness levels. Another interesting application of EB would be airplane fuselages, 

which may come true with the new generation fighter planes. 

 

Paper H. E. Kivineva, D.L. Olson and D.K. Matlock. Particulate-reinforced metal matrix 

composite as a weld deposit. Welding Journal, Vol. 74, No. 3 (1995). pp. 83 – 92 

 

In this paper possibilities to achieve weld metal consisting of particulate-reinforced metal 

matrix composite structure manufactured with ceramic or refractory metal power filled cored 

wire was studied. Particulate-reinforced MMC consumables can be made with the same 

methods as flux cored welding consumables. Results for TIG and MIG weldments for Type 310 

stainless steel. The aim of the study was to create a particle reinforced stainless steel weld 

deposit for higher creep resistance.  

 

It was demonstrated that this can be done and that it is possible to transfer the particles through 
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the arc into the weld pool. The efficiency of transferring the particles depends on the 

composition and particle size of the power. Transfer loss was observed to be higher with 

smaller particle size with the same power material.  

 

Power type and composition are important factors affecting the behavior of the second phase 

particles in the weld metal solidification structure. The power should be chosen so that the 

expected reactions with the matrix material will be minimized. Coating can be used to slow 

down or prevent reaction, including dissolution, between particle and matrix.  

 

Particle size was found to be an important factor. The investigation showed that the particle size 

influences the distribution of the particles in the weld pool together with the density of the 

power. A uniform particle distribution can be reached with proper selection matrix and powers 

and processing parameters. The criterions for optimum power material include particle size, 

type, density and composition. Selection of welding process and welding variables will also 

influence particle distribution. The motion and final distribution of particulates in the weld pool 

were evaluated with fluid mechanics-.based model. 

 

 

 

 

 

 

 

28 


	Abstract
	Acknowledgements
	List of papers
	Table of Content
	Summary
	1.0 Introduction
	2.0 Duplex Stainless Steels
	3.0 Metallurgy and properties of Titanium
	4.0 Results and conclusions drawn from the included papers
	5.0 Summary and conclusions
	6.0 References
	7.0 A summary of included papers


