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FOREWARD 
 

 The final report for the DOE Grant DE-FC07-00 IDI13975 consists of five 

volumes. The volumes provide in depth information on Cast Duplex and Cast Super 

Duplex Stainless Steels. Volume 1 is entitled “Metallurgical Evaluation of Cast Duplex 

Stainless Steels and their Weldments” involves comparison of selected grades of Duplex 

Stainless Steels and their welds with their wrought counterparts regarding corrosion 

performance, mechanical properties and weldability. Volume 2 entitled “The 

Development of Qualification Standards for Cast Duplex Stainless Steel” involves inter-

laboratory testing and Volume 3 “The Development of Qualification Standards for Cast 

Super Duplex Stainless Steel” provides information on the testing of Super Duplex 

Stainless Steels to ASTM A923. Volume 4 is the “Guidance Document for the Evaluation 

of Super Duplex Stainless Steel” and involves the applicability of ASTM A923 to the 

Cast Super Duplex materials.  Volume 5 is the data package for the incorporation of 

ASTM A890-5A material into the ASTM A923. 

 

  In volume 1 selected grades of Duplex Stainless Steel castings and their welds, in 

comparison with their wrought counterparts, were evaluated, regarding corrosion 

performance, mechanical properties and weldability. Multiple heats of cast duplex 

stainless steel were evaluated in the as-cast, solution annealed static cast and solution 

annealed centrifugal cast conditions, while their wrought counterparts were characterized 

in the solution annealed condition and in the form of as-rolled plate. Welding, including 

extensive assessment of autogenous welds and a preliminary study of composite welds, 

Shielded Metal Arc Weld (SMAW), was performed. The evaluations included Critical 

Pitting Temperature (CPT) testing, Intergranular Corrosion (IGC) testing, ASTM A923 

(Methods A, B and C), Charpy impact testing, weldability testing (ASTM A494), ferrite 

measurement and microstructural evaluations. 
 

 Volume 2 deals with the Development of Qualification Standards for Cast Duplex 

Stainless Steel (A890-4A) which is equivalent to wrought 2205. This volume involves 
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testing of cast Duplex Stainless Steel to several ASTM specifications, formulating and 

conducting industry round robin tests and studying the reproducibility of the results. 

ASTM E562 (Standard Test Method for Determining Volume Fraction by Systematic 

manual Point Count) and ASTM A923 (Standard Test Methods for Detecting Detrimental 

Intermetallic Phase in Wrought Duplex Austenitic/Ferritic Stainless Steels) were the 

specifications utilized in conducting this work. An ASTM E562 industry round robin, 

ASTM A923 applicability study, ASTM A923 industry round robin, and an ASTM A923 

study of the effectiveness of existing foundry solution annealing procedures for 

producing cast Duplex Stainless Steel without intermetallic phases were implemented.  

 

Volume 3 comprises of the Development of Qualification Standards for Cast 

Super Duplex Stainless Steel (A890-5A) which is equivalent to wrought 2507. The 

objective of this work was to determine the suitability of ASTM A923 “Standard Test 

methods for Detecting Detrimental Intermetallic Phase in Duplex Austenitic-Ferritic 

Stainless Steels” for 25 Cr Cast Super Duplex Stainless Steels (ASTM A890-5A). The 

various tests which were carried out were ASTM A923 Test Method A, B and C (Sodium 

Hydroxide Etch Test, Charpy Impact Test and Ferric Chloride Corrosion Test), ferrite 

measurement using Feritscope®, ASTM E562 Manual Point Count Method and X-Ray 

Diffraction, hardness measurement using Rockwell B and C and microstructural analysis 

using SEM and EDS. 

 

Volume 4 is the guidance document for the evaluation of cast Super Duplex 

Stainless Steel which deals with the various evaluation methods which were defined and 

used for the work on volume 3 for the “Development of Qualification Standards for Cast 

Super Duplex Stainless Steel alloy A890-5A (2507 Wrought Equivalent)”. The document 

explains in detail each test which was conducted. It also includes some of the results 

which were acquired during this work. 

 

  Volume 5 is the Data Package for the evaluation of Super Duplex Stainless Steel 

Castings prepared at the end of work comprised in volumes 3 and 4. The document deals 
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with the various evaluation methods used in the work documented in volume 3 and 4. 

This document covers materials regarding evaluation of the A890-5A material in terms of 

inclusion in ASTM A923. The various tests which were conducted on the A890-5A 

material are included in this document.       
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Abstract 

 
The objective of the program is to determine the suitability of ASTM A923 

“Standard Test methods for Detecting Detrimental Intermetallic Phase in Wrought 

Duplex Austenitic-Ferritic Stainless Steels” for 25 Cr Cast Super Duplex Stainless Steels 

(ASTM A890-5A). 

Different tests were carried out on the materials procured from various steel 

foundries as stated in the ASTM A923. The foundries were designated as Foundry A, B, 

C and D. All the materials were foundry solution annealed. Materials from Foundry D 

were solution heat treated at The University of Tennessee also and then they were 

subjected to heat treatment schedule which was derived from the testing of wrought DSS 

to establish the A923 specification. This was possible because the material from the same 

heat was sufficient for conducting the full scope of heat treatment. This was done prior to 

carrying out various other tests. 

Charpy samples were machined. The Ferrite content was measured in all the 

Charpy samples using Feritscope® and ASTM E562 Manual Point Count Method. After 

the ferrite content was measured the samples were sent to AMC-Vulcan, Inc. in Alabama 

to conduct the Charpy impact test based on ASTM A923 Test Method B. This was 

followed by etch testing and corrosion analysis based on ASTM A923 Test Methods A 

and C respectively at University of Tennessee. Hardness testing using Rockwell B and C 

was also carried out on these samples. A correlation was derived between all the three 

test methods and the best method for evaluating the presence of intermetallic in the 

material was determined. The ferrite content was correlated with the toughness values. 

Microstructural analysis was carried out on the etch test samples using Scanning 

Electron Microscopy in order to determine if intermetallic phases were present. The 

fracture surfaces from Charpy test specimens were also observed under SEM in order to 

determine the presence of any cracks and whether it was a brittle or a ductile fracture. A 

correlation was carried out between the ferrite content, hardness values and the type of 

fracture. SEM was also carried out on the corrosion samples in order to see the difference 

on the surface after corrosion analysis has been carried out. Energy Dispersive 
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Spectroscopy was carried out on the material acquired from Foundry D in order to 

determine the variation in the amount of the chemical composition of various elements 

when the material is subjected to different heat treatment schedules.  

X-Ray analysis was also carried out in order to verify whether it is possible to 

identify the different phases present in the material. Volume percentage of ferrite was 

also calculated from X-Ray diffraction and compared with the Feritscope® and ASTM 

E562 Manual Point Count data in order to determine whether X-Ray Diffraction is a 

suitable method for carrying out qualitative analysis of different phases present. 

 From the various tests that were conducted, it was concluded that since ASTM 

A923 Methods adequately identifies the presence of intermetallic phases in A890 – 5A 

grade Cast Super Duplex Stainless Steel A890 – 5A can be directly included in ASTM 

A923. Correlation was determined between all the ASTM A923 Test Methods A, B and 

C and Test Method B were identified as the best method for detecting the presence of 

detrimental intermetallic phases. The micrographs from the A890-4A grade (now in 

ASTM A923) were identified as applicable for the A890-5A grade to compare and detect 

the presence of intermetallic phases. Using these micrographs one can verify whether an 

A890-5A sample has an unaffected, affected or a possibly affected structure. It was also 

observed that when compared to the A890-4A grade A890-5A grade is more sensitive to 

heat treatment. From the ferrite and hardness measurement a correlation was developed 

between toughness, volume percentage ferrite and hardness of the material. From SEM 

and EDS the type of intermetallic phase present and its chemical composition was 

determined. The best method for calculating volume percentage ferrite was determined 

between the Feritscope®, ASTM E562 Manual Point Count and X-Ray Diffraction.

 The test data will be submitted to ASTM to support the adoption of the ASTM 

A890-5A Cast Super Duplex in the A923 specification. 
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Figure 118: Secondary Electron SEM image of S1508, 1000x 196 

Figure 119: Secondary Electron SEM image of S1507, 1000x 196 
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I.  Introduction 
 
 

Steel can be defined as an alloy of iron (Fe) and carbon (C) with carbon content 

less than 1.7%. Stainless steel is the term for a whole group of corrosion-resistant steels, 

containing at least 11% of chromium. 

 
 The earliest steels were martensitic and ferritic Fe-Cr steels. Later on Austenitic 

Stainless Steel was developed which contained a Cr content of 18-28% and Ni 8% or 

more. This steel began to be used widespread due to its ease of production and 

fabrication, particularly welding2. But it was sensitive to grain boundary carbide 

precipitation during heat treatment and welding, and sensitive to intergranular corrosion 

attack. This lead to the development of another category of steels called Duplex Stainless 

Steels2. 

 
With the addition of Ni to the ferritic steels the structure changes to ferritic and 

austenitic. Typical content is 18 - 28% Cr and 4 - 7% Ni. Duplex as the name implies has 

two phases - Austenite and Ferrite and both the phases should be in equal proportion of 

(50% - 50%) in order to exhibit the best performance characteristics. 

  

The first reference to Duplex stainless steels appeared in 1927 when Bain and 

Griffith published data on ferritic - austenitic structures2. Soon it was exploited by 

various countries like France, Germany, Sweden and the USA. From the early 1970s 

various different grades of wrought and cast Duplex Stainless Steels have been 

developed. Since Duplex Stainless Steels are relatively new materials, there is a 

limitation in its use due to the lack of specifications and fabrication details. Data related 

to corrosion resistance are also very limited which tends to reduce its usage in various 

fields. Two of the main factors which cause cast Duplex Stainless Steels to perform less 

than the desired level is the in appropriate austenite-ferrite balance and precipitation of 

detrimental intermetallic phases during the casting or subsequent welding process. 
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The objective of this program is to develop a data package for Super Duplex Cast 

Alloy A890-5A (wrought equivalent 2507) suitable for acceptance of the alloy in ASTM 

specification A923 (Standard Test Methods for Detecting Detrimental Intermetallic Phase 

in Wrought Duplex Austenitic-Ferritic Stainless Steels) and to formulate a guidance 

document to assist specifiers and engineers for properly employing Super Duplex 

Stainless material (Figure 1). The previous work in this program on cast alloy A890-4A 

(wrought equivalent 2205) was sufficient to affect the successful inclusion of this cast 

alloy into ASTM A923. 
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Figure 1:  2507 Microstructure (After Sandvik Steel [92]) 
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I.  Literature Review 

. Types of Stainless Steels 

 

)  Austenitic - Ferritic steels or Duplex 

.1. Ferritic Chromium Steels 

 

ey are magnetic. They are sensitive to intergranular corrosion after heat 

treatme

ls 

They have moderate corrosion resistance which is best in the annealed condition. 

 and are magnetic.  

 

I
 

1

1)  Ferritic Low Chromium Steels 

2)  Martensitic chromium steels 

3)  Austenitic steels and alloys 

4)  Martensitic Austenitic steels 

5)  Precipitation Hardening steels 

6

 

1

The Ferritic class of stainless steels normally has a chromium content of 12 - 18% 

and often a small amount of other alloying elements. These steels keep their ferritic 

structure after rapidly cooling from high temperature and they are therefore not 

hardenable. Th

nt and welding but in modern variants (ELI = Extra Low Interstitials, i.e. carbon 

and nitrogen) this problem largely has been overcome. 

 

1.2 Martensitic Chromium Stee

 

The Martensitic class of stainless steels has a Cr content of less than 20% with a C 

of more than 0.15%. This makes them hardenable which means when they are rapidly 

cooled of from the fully austenitic high temperature phase, hard and brittle martensite is 

formed. The hardness can then be reduced and toughness improved to the required levels 

by tempering. 

They show relatively poor weldability

 4



 
 
 
1.3   Au

 steels, the 

8/8/Mo steels (i.e. AISI Type 316) often referred to as "acid proof". These steels are not 

1.4. M

hen delivered in the hard condition. 

Examples are 5R10 (304/304H), 12R10 (302), 11R51 (302) and 5R60 (316).  

 

1.5 Precipitation Hardening Steels 

 

his series of stainless steels have a higher Cr content of above 16%. Ni above 

7% and approximately 1% of Al. The Al is added to form precipitated nickel-aluminum 

ation 

e austenitic structure is transformed to harder phase of martensite. It can be drawn to 

 through a precipitation reaction which 

ccurs at a temperature range of 850˚F to 1150˚F. 

 

stenitic Steels and Alloys 

 

The Austenitic class of stainless steels has a Cr content of 18-28% and Ni 8% or 

more. The basic steel has 18% Cr and 8% Ni - often called 18/8 steel (i.e. AISI Type 304) 

which has some variants. By adding 2-3% Mo the next series of stainless

1

hardenable by heat treatment.  

 

artensitic Austenitic Steels 

 

Standard austenitic steels are transformed to martensitic when deformed i.e. they 

are so called TRIP steels (Transformation Induced by Plasticity). This means that 

deformation induces martensite formation which means that steels with 18% Cr and 10% 

Ni will have martensitic content about 50% w

T

particles. In the annealed condition the structure is austenitic but during cold deform

th

wire and coiled to springs. These are age hardened

o
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1.6 A

of 25%Cr-5%Ni. Soon after in 1932 and 1933 a 

modifie

ent analysis of the 

casting

 France in 1936.  

itute. However, it was brittle 

and did

ustenitic - Ferritic Steels or Duplex 

 

1.6.1 Development of Duplex Stainless Steels 

 

Avesta Jernverk in 1929 was the first to produce the first commercial grade called 

453E with approximate composition 

d grade with 25%Cr-5%Ni-1%Mo (grade 453S) was marketed. Applications 

included coolers of Brobeck type (plate and forgings), autoclaves for gunpowder 

production (castings) and valves for sulphite pulping (castings). 

Another record of early duplex dates back to 1933, when an error during the 

melting of an 18%Cr-9%Ni-2.5%Mo grade at the Firminy works of the J.Holtzer 

Company, France, led to a 20%Cr-8%Ni-2.5%Mo steel. Subsequ

s found that it had a high volume fraction of ferrite in an austenite matrix and was 

not sensitive to intergranular corrosion (IGC) in various corrosive media. One of the first 

patents was issued in

In the 1950s there was a burst of activities in the field of high chrome low nickel 

stainless steels due to the nickel shortage. This lead to the development of Uranus 50 

(UR50) with 20 - 35% ferrite (UNS S32404). In 1959 the grade CD4MCU (25%-Cr5%-

Ni2%-Mo3%Cu) was developed by the Alloy Casting Inst

n’t have good weldability. Hence the chromium content was reduced to 22-23% 

and a quench annealing treatment was used to increase the ductility. 

In the 1960s the carbon content was reduced to 0.03%. 3RE60 one of the earliest 

of this kind proved to be the solution for chloride induced stress corrosion cracking in 

austenite materials. 

In 1970s the 22Cr type (2205) was developed in Germany and Sweden i.e. DIN 

1.4462 or UNS S31803. The composition range was wide giving a higher ferrite HAZ 

upon welding. This caused corrosion problems. Most producers use narrower range of 

composition than the standards would indicate as suitable1. 

With the introduction of AOD/VOD (Argon-Oxygen-Decarburization/Vacuum-

Oxygen-Decarburization) the chemistry and the thermal treatment of the steels improved. 
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The oxygen, sulphur, carbon and residual elements could be controlled at low levels and 

nitrogen could be added without much cost penalty. This reduced the overall cost of 

Duplex Stainless Steel making2. 

Slowly, in the 1980s, the importance and advantages of nitrogen was better 

understood. Its effect on the structural balance in the HAZ and on corrosion resistance 

c  

in the 1980s. Some developed from casting grade like S32750, while others, directly as a 

weldable wrought grade like S32750. These super duplex contain about 25%Cr, 6-7%Ni, 

3-4%Mo, 0.2-0.3%N, 0.2%Cu and 0.2%W. A Lean alloy grade was also developed in the 

1980s. The lower alloy content, in particular Mo, meant they were cheaper but they had a 

lower pitting resistance. They compete with the higher austenite like 304L and 316L on 

the grounds of better chloride SCC and strength and similar pitting resistance. Table 1 

shows different kinds of duplex base materials and their compositions. 

 

able 1: Range of Typical Base Materials (After G.B Holloway & J.C.M.Farrar [118]) 
 

 

 

 

 

 

 

 

 

ame into play. The 25Cr grade (2507 Super Duplex Stainless Steel) was also developed

T
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1.6.2 
 

1. Low cost molybdenu 3Cr-4Ni-0.1N - These are 

grouped as 2304 duplex grades and provide alternatives to AISI 304 and 316. 

 

2. h include the SAF Alloy 2205 (cast 

ASTM A890-4A) are the most popular and least expensive. These alloys have a 

PREN = Cr + 3.3 Mo +16N 

3. 25 Cr with varying contents of Mo and N also containing Cu and W as alloy 

ralium 255 and cast ASTM A890-1B fall in this category. 

These have a PREN ranging from 32 to 40. 

 

d for clean duties replacing austenitic 

rades in hot aqueous chloride media in brackish waters, hot coastal conditions tubing 

 grade S31803/S32205. This grade is used for reactors, heat exchangers, 

orage tanks in production of detergent, plastic production like polypropylene, steam 

sterilization of byproducts and sodium cyanide production. S32550 is used in phosphoric 

Classification of Duplex Stainless Steels 

m free DSS of the type 2

However the market for this has declined. 

22Cr-5Ni-3Mo-0.17N - These steels whic

Pitting Resistance Equivalent Number (PREN) ranging from 30 to 36 and 

corrosion resistance which is between AISI 316 and 6Mo super austenitic 

stainless steels. 

 

elements - Wrought Fer

4. Super DSS of the type 25Cr-7Ni-3.5Mo-0.27N having PREN values greater 

than 40. SAF Alloy 2507 (cast ASTM A890-5A) and Zeron 100 (Cast ASTM 

A890-6A) fall in this category3. 

 

1.6.3. Application of Duplex Stainless Steels 

 

Chemical and Petrochemical 

 

Grades S31500 and S32304 have been use

g

was made from

st
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and sul

il and Gas  

It’s used for tubing purposes in North Sea. They are used in down hole, wellheads 

and flo

p the 

ossibility of using piping systems at lower temperature. They are also used in 

tions such as blast and weather walls. Sprint Metal developed SDSS 

rade D58 to make wirelines to fight the stresses in the chloride and H2S environments6. 

 

They are used in suction rolls, chemical pulping, bleaching, Chemi-Thermo 

P), pulp storage tanks, paper machines and steam plant. 

Power 

arine Transportation 

They have replaced 316L (N) and 317L (N) as there high strength to weight ratio 

maximized cargo capacity through a reduction in wall thickness. They are also employed 

phuric acid production, where chlorides and fluorides are present combined with 

erosion and wear conditions such as in pumps, agitator blades and shafts4. 2205 and 2507 

are used in terephtalic acid plants to control the corrosion due to acetic acid at high 

temperature. UR 52N (UNS S32520) is used as an alternate to super austenite and rubber 

lining to prevent corrosion from phosphoric acid.  

 

O

 

w line application. They are also used in water injection compression and sea 

water lift pumps. Bolts in S32205/S31803 and S32760 are used which opens u

p

architectural applica

g

Pulp and Paper  

 

Mechanical Pulping (CTM

 

Generation 

 

They are used in sea water cooling systems or in the handling of geothermal 

fluids. They are used in FGD systems mainly in North America and Europe. 255 DSS 

was used in FGD systems as retrofit absorber lining. 

 

M
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in mak

re used to make 

nks for carrying chemicals. UNS S32304 (UR 35N) is used as an alternative to carbon 

coa

Refine

2507 type has been used in the overhead systems and preheat trains to prevent the 

cor drogen chloride and hydrogen sulphide90.  

a) 

Duplex containing copper are used in sulphur containing liquids as they are more 

ent8. 

b)

 

, food indus ge tanks and in 

structures in particular for bridges where corrosion to avoid.  

 

1.6.4. ex Stainless Steels 

 

1.  Avesta Sheffield Ltd  9.  Boehler Edelstahl 
10. Mannesmann 

3.  Valourec 11. AB Sandvik Stell 
4.  Summ
5

 

ing of propeller shafts, steering propellers, thrusters, water jet engines and other 

products subjected to high mechanical load. UNS S31803 (UR 45N) a

ta

ted product carriers7,99. 

 

ry Plants 

 

rosion due to ammonia, hy

 

Environmental Protection Plant 

 

resistant to Sulphur otherwise it would lead to SO2 which is harmful to environm

 

 Other Applications 

They are also used in mining try for making stora

of steels is difficult 

 anufactures of DuplM

2.  Creusot-Loire Industrie 

itomo Metal Industries 12. Fabrique de Fer 
.  Wier Materials Ltd 13. Nippon Kokan 

6.  DMV Stainless/Feroni 14. TEW 
7.  Krupp Stahl 15. Steel Foundries for Castings 
8.  Haynes International 16. Sprint Metal9
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2.   Me

 ferrite in austenite may also cause complex 

etallurgical reactions that include the formation of a variety of secondary phases, all of 

n resistance and on the mechanical properties 

articularly impact toughness. Figure 2 shows the precipitates in DSS and it is evident 

that cipitates concern ferrite and ferrite promoting elements such as Cr, 

Mo igure also shows that almost all these reactions take place over the 

tem e of 300 - 1000°C. 

 

The various phases that are formed are: 

 

 phase 

hase 

e 

se 

 phase 

6. econdary austenite 

7. 

9. M7C3 

10. M23C6 

 

Table 2 shows the crystallographic data for various phases that could be observed 

in Duplex Stainless Steels. 

tallurgy of Duplex Stainless Steels 

 

The presence of ferrite with austenite not only provides better intergranular 

corrosion resistance but also improves stress corrosion cracking resistance compared to 

fully austenitic stainless steels10. In addition, ferrite also improves the hot cracking 

resistance and also the weld metal properties. 

However, the presence of

m

which have adverse effects on corrosio

p

 most of these pre

 and W. The f

perature rang

1. Sigma

2. Chi p

3. R phas

4. phi pha

5. Tou

S

Cr2N 

8. CrN 

11. Cu 
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able 2: Crystallographic Date for Various Phases Observed in Duplex Stainless Steels  
r Ch

 
 

ce Type e 
Group 

 
Parameter (Å) 

n 

 
 
T

   (Afte arles J. [15]) 

 

Type o
Precipitate 

f Latti Spac Lattice Formatio
Range (°C) 

Ferrite (δ) BCC Lm3m a=2.86-2.88   
Austenite (γ) FCC Fm3m a=3.58-3.62 <1250 
Secondary 

γ2) 
.62 650 

50-800 
00-900 

Austenite (
FCC Fm3m a=3.58-3 Type 1=<

Type 2=6
Type 3=7

Sigma (σ) m  Tetragonal P42/mn a=8.79, c=4.54 600-1000
Chi (χ) Cubic L43m a=8.92 700-900 
Laves (R) ral  Rhombohed R3 a=10.9, c=19.34 550-650 
П-Nitride Cubic P4,32 550-600 a=6.47 
Cr2N Hexagonal P31m a=4.80, c=4.47 700-950 
M23C6 Cubic Fm3m -10.65 650-950 a=10.56
M7C3 Hexagonal Pnma a=4.52,b=6.99, 

c=12.11 
950-1050 

 

Tau (Ґ) Orthorhombic Fmmm a=4.05, b=4.84, 
c=2.86 

550-650 
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Figure 2:  Possible Secondary Phases in Duplex Stainless Steels (After Charles J [10]) 
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2.1. S

 properties due to its chemical 

compos

also that the ferrite/austenite interface is favorable for sigma phase 

nucleat

of Atamert and King. According to the TEM study carried out by  O.Smuk, P.Nenonen 

igma Phase 

 

The deleterious Cr and Mo rich sigma phase is a hard embrittling precipitate, 

which forms between 650 and 1000°C11-17. It leads to the decrease in both impact 

properties and ductility. It is detrimental to corrosion

ition which is Fe-30Cr-4Ni and 4-7Mo but sometimes as high as 10Mo, 

depending on the original Mo composition of the alloy.  

At 900°C ferrite decomposition to sigma takes place in as little as 2 minutes in 

super duplex alloy whereas in austenite it takes a very long time due to the pre 

requirement of M23C6 particles18,19. According to Charles10, Machado et al.21 and Atamert 

et al.22 it is due to the similar composition of ferrite and sigma. The diffusion of ferrite 

forming elements such as Cr, Mo and W in ferrite is 100 times faster than that in 

austenite and 

ion. Ferrite phase is also thermodynamically metastable where sigma phase 

precipitates.   

Sigma phase has been found to nucleate at various locations in Duplex Stainless 

Steel at a temperature above 750°C10,13,17,21,23. Nilsson and Wilson11 and Josefsson et al.16 

conducted isothermal phase transformation using SAF 2507. It was found that sigma 

phase nucleated preferentially at ferrite/ferrite/austenite triple points and grew along 

ferrite/ferrite boundaries. Atamert and King22 showed that sigma phase nucleated at 

austenite - ferrite and ferrite - ferrite interfaces; similar to Nilsson and Wilson's results. 

They also suggested that nucleation is heterogeneous in nature and does not depend on 

the crystallographic orientation relationships between the phases. They also showed that 

absence of any intergranular precipitate of sigma phase is indeed a proof of 

heterogeneous nucleation and that the rate-controlling step is nucleation. Redjaimia et 

al.33 and Wang et al.17 performed isothermal transformation studies on 23Cr-5Ni-3Mo 

and Zeron 100. They found that sigma phase nucleates on M23C6 carbides or co-

precipitates with secondary austenite. They suggested that nucleation and growth depends 

on the crystallographic orientation relationship which was in contradiction to the findings 
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of eutectoid reaction of the ferrite 

decomp

ia as chi phase which has similar 

compo

 R 

phase. 

s diluted with respect to 

ferrite forming elements thereby suppressing sigma formation. 

.2.  Chi Phase 

 

and H.Haenninen24 on DUp 27 and SAF 2507 they showed that sigma phase precipitated 

at temperature above 800°C by the mechanism 

osition into sigma and secondary austenite. 

Lai et al.23 and Wang et al.17 both show that the morphology of sigma phase is 

different when it precipitates at the ferrite/austenite or ferrite/ferrite interface or co-

precipitates with secondary austenite. When using SEM-EDX techniques to identify 

sigma phase, the ratio of iron-chrominum-molybdenum is often used to determine 

whether the precipitate is sigma or any other secondary phase. The identification based 

only on chemical composition is not recommended by Wang17 and Gooch25, who said 

that it may vary with different temperature ranges. In addition other phases like chi phase 

have similar compositions. Thorvaldsson et al.26 compared composition of sigma phase in 

different alloy system and observed significant variation. He suggested that identification 

should also be based on crystallographic criter

sition has a different crystal structure11,15,16. 

The formation of sigma phase is encouraged by the presence of Cr, Mo, Si and 

Mn27,28. Hence the matrix surrounding the sigma phase is depleted in Cr and Mo which is 

detrimental to corrosion resistance. It was found that it is more stable than chi and

In fact these two phases dissolve and convert into sigma after long time aging. 

Solution annealing has to be applied to remove sigma phase in the as cast or as 

rolled materials. A fast cooling rate is required after solution annealing in order to 

achieve complete of sigma phase. Solution annealing at higher temperature decreases the 

formation of sigma phases12,13,14,16,17 because the solution annealing temperature tends to 

increase the volume fraction of ferrite, which consequently i

 

2

Chi Phase is commonly found in duplex but is usually present in much smaller 

quantity than sigma phase12,13,14,30,32,25,34. It is as harmful to toughness and corrosion 

resistance as sigma. It has an equivalent amount of Cr but has larger quantity of Mo 
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e cube-cube orientation relationship ensures continuity between chi 

and fer

on were 

strained as sigma phase precipitate was retarded by the formation of chi phase. 

.3.  R Phase 

 

 and uneven contrast in TEM. This information can be 

used w

ents and in Dup 27 it precipitates 

s particle at phase and grain boundary after 700°C/2 h. 

.4.  П Phase 

 

(~20%) hence is more detrimental to pitting corrosion resistance. It forms between 700 

and 900°C. But it precipitates faster at 800 to 850°C. However, upon long term aging it 

converts into sigma phase. It forms on the ferrite/austenite interface and grows into 

ferrite. However th

rite matrix. 

It is impossible to distinguish between chi and sigma using optical light 

microscopy. But TEM can be used as they have different crystal structures. Chi causes 

much brighter contrast than sigma. It was indicated by Nilsson et al. that for tungsten-

containing super DSS the tungsten content in chi is also substantially higher than sigma. 

It was shown by C.S.Lee, J.S.Ahn, K.A.Lee, K.T.Kim, C.G.Park and K.Y.kim31 that for a 

duplex containing tungsten (1.6Mo-4.3W) the ductility and toughness deteriorati

re

 

2

The R Phase precipitates between 550 to 800°C. It is Mo rich having a 

composition of 30Fe-25Cr-35Mo-6Ni-4Si. They form at inter and intragranular sites33 

and is most deleterious to pitting corrosion resistance. The most rapid and stable growth 

is at the temperature 550 - 650°C. At higher temperature it is converted to sigma after 

ageing. It has an irregular shape

hen SEM/EDX are used. 

O.Smuk, P.Nenonen and H.Haenninen24 showed that oxide particles resulting 

from powder contaminations serve as nucleation sites for the formation of R Phase in 

SAF 2507 after 600°C /10h and 700°C/2 h. aging treatm

a

 

2

Π Phase is recognized as a nitride and has a chemical composition of 

Fe7Mo13N4. It was found that it contains 28%Fe, 35%Cr, 3%Ni and 34%Mo. It shows 
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ites in duplex weld metal after 

n isothermal heat treatment at 600°C for several hours51. 

.5.  Ґ Phase 

 

 to the formation of heavily faulted needle-like Ґ phase on a 

rrite/ferrite boundary51. 

.6.  Secondary Austenite 

 

 The difference between primary and 

econdary austenite is the chemical composition.  

econdary austenite can precipitate through three mechanisms in delta ferrite: 

es  

3)  Martensitic shear process 

acent regions within ferrite and subsequently 

second

an even contrast in the TEM. It forms at about 600°C. It is detrimental to toughness and 

corrosion resistance14,16. It is identified34 at intergranular s

a

 

2

Г Phase is formed in the temperature range of 550 to 650°C on heat treatment for 

several hours. It can lead

fe

 

2

Secondary Austenite is also a transformation product of ferrite12,14,17,23,30,35,38.  The 

reason that this is termed secondary austenite is because of its FCC crystal structure, 

which is the same as that of primary austenite.

s

 

S

 

1)  Eutectoid reaction 

2)  Widmannstätten precipitat

    

The eutectoid reaction is facilitated by rapid diffusion along ferrite/austenite 

boundaries. This reaction occurs in the temperature range 700-900°C. Since sigma phase 

is rich in Cr, Mo and Si the secondary austenite which surrounds sigma phase, is depleted 

in these elements. It was shown by Nilsson et al.30 and Lai et al23 that’s during sigma 

precipitation, nickel is rejected to adj

ary austenite is enriched with Ni. 
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obeys 

Kurdju

fusionless. The orientation obeys Nishiyama-Wasserman (N-W) 

relation

chromium promotes the formation of secondary 

austeni

It is mostly found at austenite/ferrite phase boundaries or at the interior of ferrite 

grains1

 

lpha. 

3) al alpha/gamma or alpha/alpha interface 

4) Needle shaped γ2 originating within the alpha grains with a preferred 

Between 650-700°C at which diffusion is more rapid, secondary austenite forms 

as Widmannstätten precipitates having various morphologies. This type 

mov Sachs (K-S) relationship and also shows significantly higher nickel content 

than the surrounding ferrite, indicating that the transformation is diffusion assisted. 

Below 650°C ferrite is transformed into secondary austenite via a mechanism that 

shows similarities with martensite formation. This type precipitates isothermally and 

shows no difference in composition compared with ferrite, thus indicating the 

transformation is dif

. Nilsson et al, added that diffusion controlled transformation occurs to some 

extent below 650°C. 

A fourth and fifth mechanism, both similar to the first mechanism, were observed 

by Lai et al.23 and Nilsson and Wilson13. Lai23 showed that the formation of secondary 

austenite can be associated with the formation of Cr-rich carbides. It was argued that the 

formation of Cr-rich carbides leads to a loss of Cr from the vicinity of the boundary 

within ferrite phase and the depletion of 

te. Hence it was leaner in Cr, Mo as well as in N which resulted in a drastic 

decrease in pitting corrosion resistance.  

3,22,30. Four types of morphologies were observed by Lai23: 

1) Bulging (globular) γ2 originating at the original alpha/austenite interface 

which grows into a

2) Widmannstätten γ2 originating at the original alpha/alpha interface which 

grows into alpha. 

Cellular γ2 originating at the origin

which grows with sigma during eutectoid decomposition of alpha into a 

cellular gamma plus alpha mixture. 

orientation growth direction. 
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lar type of 

ustenite. O.Smuk, P.Nenonen and H.Haenninen24 showed that in SAF 2507 the 

 a 600°C/10 h and 700°C/2h aging treatment. 

2.7.  N

 is also diminished due to nitrogen's increasing solubility associated 

with t

either at ferrite/ ferrite 

rain boundaries or ferrite/austenite phase boundaries. After welding43 the formation of 

 zone. It has a cubic structure. 

2.8.  Ca

507. M7C3 forms between 950 to 1050°C at the ferrite austenite 

grain b

According to Nilsson et al.13,22,30 the first two morphologies are more frequently 

observed. It was noted that Widmannstätten type secondary austenite is actually two 

austenite crystals separated by a twin boundary and for an unknown reason, this type of 

secondary austenite has an even lower concentration of Cr than the globu

a

secondary austenite forms after

 

itrides Cr2N and CrN 

 

The precipitation of Cr2N is in a temperature range of 700-900°C21,13,14,39,42. The 

formation of Cr2N is due to the rapid cooling from a high solution temperature because 

super saturation of nitrogen in ferrite occurs. In other words with increased cooling time, 

precipitated Cr2N

he increasing amounts of austenite, produced from the ferrite to austenite 

transformation39. 

Machado et al.21 and Kokawa et al.42 studied the morphologies of Cr2N and found 

that elongated Cr2N particles often precipitate intergranularly 

g

CrN is favored in the heat affected

 

rbides M23C6 and M7C3 

 

Carbides play a less important role in super duplex than in the duplex because of 

the low carbon content. According to Nilson , no precipitation of carbides of any kind 

was observed in SAF 2

14

oundaries45. As its formation takes 10 minutes it can be avoided by normal 

quenching techniques.  

Duplex grades with carbon content of about 0.03% the carbide M23C6 rapidly 

precipitates between 650 and 950°C requiring less than a minute to form at 800°C. 

Precipitation occurs at ferrite austenite boundaries where Cr rich ferrite intersects with 
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de the ferrite and austenite grains. The different 

recipitation morphologies are cuboidal, acicular and cellular. They act as initiation sites 

rrosion. 

2.9.  Cu

the precipitation of extremely fine Cu-rich epsilon phase 

particle

us suggested that such a refinement would lead to a 

igher strength and greater toughness as well as improved corrosion resistance but no 

 on this till date. 

2.10. G

of 300-500°C. 

In this range there is precipitation of G phase. It causes embrittlement. However as 

duplex are not applied in this temperature range it is not of much concern. 

carbon rich austenite. It can also be found28 at the ferrite-ferrite and austenite-austenite 

boundaries and to a lesser degree insi

p

for pitting and intergranular co

 

-rich Epsilon Phase 

 

In alloys containing copper and/or tungsten14,36,46,47, other hardening mechanisms 

occur. In the case of super saturation of the ferrite due to the decrease in solubility at 

lower temperatures leads to 

s after 100 hours at 500°C51, which significantly extend the low temperature 

hardening range of duplex46. 

According to Ravindranath et al.36 and Sriram and Tromans47, the Cu rich phases 

are very fine and are often attacked by electrolytic thinning thus leaving holes at grain 

boundaries. Soylu and Honeycombe46 showed that copper precipitates can refine the 

microstructure particularly austenite. In an experiment with 30Cr-8Ni-3Cu alloy these 

authors found that copper precipitates took place with multi twinned morphology before 

the ferrite to austenite transformation. The subsequent transformation nucleated on the 

finely dispersed copper particles resulting in a fine, homogeneously distributed, twinned 

austenite morphology. It was th

h

data is available

 

 Phase 

 

Spinodal decomposition of ferrite occurs in the temperature range 
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3.  Mic

y and scanning electron microscopy. Various etchants and electro-

hemical etching techniques have been developed to help reveal duplex   

Som

 

1) 

kept at 5V. The etchant colored the ferrite 

yellow, sigma phase reddish brown and the carbide black. The austenite phase 

 

2) 

2S2O5, 18 ml HCl, 100 ml 

distilled H2O. Etching for a time in the range 10 to 20 seconds colors ferrite 

 

3) Cheng et al. applied a solution made of 50g K3Fe(CN)6, 30 g KOH and 100 ml 

 

4) 

ing. kalling's reagent is an acid chloride solution (1.5 g 

rostructural Investigation Techniques 

  

The evaluation of duplex microstructures requires proper etching techniques for 

light optical microscop

c

microstructures16,36,47. 

 

e of the most often mentioned etchants and their effects are as follows: 

Ravindranath and Malhotra36 etched samples electrolytically in 10% KOH 

solution. The cell voltage was 

remained unattacked in etching. 

Nilson et al.30 developed a two step electrolytic etching technique, which also 

employs KOH, to obtain contrast from intermetallic phase. The two step 

electrolytic etching technique involving dilute nitric acid (HNO3) to make 

phase boundaries visible, followed by saturated KOH to enhance the contrast of 

the precipitates. The authors also utilized a dye etchant called Beraha etchant to 

produce as-welded microstructures with secondary austenite in high contrast. 

The etchant consists of 2.2g (BH4)HF2, 0.2g K

blue while austenite remains virtually uncolored. 

distilled water. Heating is required for this solution. 

Sriram and Tromans47 used kalling’s reagent, which does not require either 

electrolytic set up or heat
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5) Electrolytic etching with 10% oxalic acid or 40% NaOH solution are also 

 secondary particles, transmission electron 

microscopy (TEM) is necessary. A typical sample thinning solution consists of 20% 

glycerol and 70% ethyl alcohol. Thinning is usually done at 0°C and 

5-45V using a twin jet polishing unit21,41. 

 

ent or welding. A proper ferrite and 

ustenite level is also needed to obtain excellent corrosion resistance and suitable 

echanical properties. The effect of alloying elements on the ferrite and austenite and on 

orrosion properties is discussed below (Table 3). 

CuCl2, 33 ml HCl, 33ml alcohol and 33ml distilled water) that etches ferrite 

dark and austenite light. 

commonly applied methods for etching duplex. Glyceregia is another 

alternative for etching duplex. 

 

It has been indicated that light optical microscopy is not sufficiently sensitive to 

identify secondary precipitates. SEM/EDX should be used as the back scatter image 

would tell us the various phases that are present in the sample. But some times SEM is 

not sufficient due to the similarity in chemical composition among different precipitates 

and difference in chemical composition for the same precipitate formed at different 

temperature. Thus, to precisely identify

perchloric acid, 10% 

2

4.  Alloying Effects 

 

Secondary phases indicate that precipitation of secondary particle involve Cr, Mo, 

W, Cu, N and other alloying elements. Thus, it is important to understand the role that 

each element plays. Preventing secondary phases from forming is not the only concern 

when duplex is subjected to solution heat treatm

a

m

c
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flu different alloying ad nd Microstructure on th d  
  Crevice Resistance of Duplex Stainless Steels (After Bernhardss

 
loying t 

Table 3: In ence of ditions a e Pitting an
on S [89]) 

 

Al Effec Reason Practical 
Limitation 

C Negative Causes precipitation of chromium carbides with 
accompanying chromium depleted zones 

About 0.03% maxi 

Si Positive Si Stabilizes the passive film About 2% maximum, 
due to its effect on 
structural stability and 

ity on nitrogen solubil
Mn 

ay also destabilize the passive film 
 level Negative Mn-rich sulphides act as initiation sites for 

pitting. Mn m
About 2%. Higher
may increase the risk of 
intermetallic 
precipitation 

S Negative Sulphides if not Cr-Ti or Ce ri
pitting attack 

ch, tend to initiate About 0.003%, if 
maximum pitting 
resistance required. For 
reasonable machining, 
up to 0.02% allowed 

Cr Positive Cr stabilizes the passive film d 28% 
 

e 

tion 

Between 25 an
maximum depending on
the Mo content. Higher 
Cr content increases th
risk of intermetallic 
precipita

Ni Negative Increased Ni, other elements constant, dilutes the
γ- phase with regard to N, which in turn 
decreases the PRE of the γ- phase. If t

 

he alloy is 
very sensitive to precipitation of chromium 
nitrides, Ni can have a positive effect 

Ni should primarily be 
used to give the alloy 
desired austenite 
content. 

Mo Positive Mo stabilizes the passive film, either directly or 
through enrichment beneath the film 

About 4-5% depending 
on the Cr content. Mo 
enhances the risk of 
intermetallic 
precipitation 

N Positive N increases the PREN 
increasing the N conte

of the γ phase, not only be 
nt of that phase, but also 

by increasing the Cr and Mo contents through 

 

me 
their partitioning coefficients 

About 0.15% in Mo free
grades. About 0.3% in 
super duplex and so
in 0.4% in 25%Cr, high 
Mo, high Mn alloys 

W Positive Probably same as Mo Increases the tendency 
of intermetallic 
precipitation 

Cu Disputed Marginal positive and negative effect imum. 
Higher levels reduce hot 
workability and 
undesirable 
hardenability 

About 2.5% max

 

 23



 
 
 
4.1.  Ch

SCRATA is 27% (coupled with Mo 

in the 2

Equations have been developed in to quantify elemental effects (the so called 

chromium equivalents Creq) 

Creq = %Cr+%Mo+0.7*%Nb 

4.2.  M

al range and reduces 

the cor

In high temperature sea water, the addition of at least 3% Mo is recommended to 

ce corrosion, while an upper limit of about 4% Mo has been quoted. 

4.3.  N

Ni effect can be d

romium 

 

Chromium improves the localized corrosion resistance, by the formation of a 

passive chromium rich oxy-hydroxide film48. Electrochemically this is achieved by 

extending the passive range49 and reducing the rate of general corrosion (ipass). 

However, there is a limit to the Cr content so as not to enhance the rate of formation of 

sigma phase, which can markedly reduce the ductility, toughness and corrosion 

resistance32. The practical upper limit suggested by 

-3% range)50,51. In addition in the heavy casting section it is held to a lower side to 

reduce cracking tendency in the as cast condition50.  

of which the most favorable is: 

 

 

olybdenum 

 

It has a beneficial influence on the pitting and crevice corrosion resistance of an 

alloy in chloride solutions. Molybdenum extends the passive potenti

rosion current density (imax) in the active range. It suppresses the sites of pitting 

corrosion by the formation of an oxy hydroxide or molybdate ion52. 

prevent crevi

 

ickel 

 

etermined by using the equation 

 

Nieq = %Ni +35%C+20%N+0.25%Cu 
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solve all of the sigma phase. Low Ni levels 

an result in the formation of a high level of ferrite in the microstructure, thereby 

ess and corrosion resistance. 

Add n o

 

 this respect. 

3) Increases the yield strength by solid solution strengthening, and unlike carbon 

Although it is not included in the PREN (PREN = %Cr+3.3%Mo+16%N or 

PREN = %Cr+3.3(%Mo+0.5%W)+16%N; refer to section 7.2) , it has a significant effect 

on the corrosion resistance and impact toughness as well as on the formation of 

secondary particles32,50,54,55. This is because it stabilizes austenite. With other elements 

held constant, the optimum pitting resistance, plus a good strength and ductility, can be 

achieved by adjusting the nickel content to give ferrite-austenite balance of 

approximately 50% each. Higher Ni would lead to an increase in austenite and hence 

there would be a greater concentration of Cr and Mo in the remaining ferrite. This highly 

alloyed ferrite is more susceptible to the precipitation of intermetallic phases at the 

temperature range of 650-950°C. High Ni promotes the formation of alpha prime35 an 

embrittling intermetallic phase. According to Varol et al.32, Ni effectively raises the 

temperature range over which sigma phase forms. Thus the standard postweld heat 

treatment used for alloys SAF 2205 can promote sigma phase formation and 

embrittlement. Consequently, higher heat treatment temperatures which usually cause 

higher ferrite content have to be utilized to dis

c

lowering toughn

 

4.4.  Nitrogen 

 

itio f nitrogen: 

1) Improves localized corrosion resistance and raises the critical pitting 

temperature and is 16 times more effective than chromium in

2) Acts as a strong austenite former (in fact it is about 20 times more effective 

than Ni as an austenite stabilizer on weight percent basis32). 

does not promote any sensitization i.e. susceptibility to intergranular corrosion. 
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ment has been witnessed58,59. Nitrogen also increases the crevice corrosion 

resistan

ces the risk of nitride formation. This is due to an increase in 

austeni

n increase in the equilibrium nitrogen 

solubili

0.14%. However Anson et al.64 have shown that it is 

possibl

by Ogawa et al.54,55 and Miura et al.55 that increasing the nitrogen 

odifies the weld phase balance without further compositional change in austenite, while 

The proposed factor for nitrogen in the PREN relationship varies between 13 and 

30 but the most widely used for duplex is 16. It partitions to the austenite due to the 

increases solubility in the phase and also concentrates at the metal passive film 

interface57. During prolonged passivation of stainless steels in acid solutions, surface 

nitrogen enrich

ce. This is due to nitrogen altering the crevice solution chemistry or by 

segregating to the surface, which is in keeping with the mechanism for enhanced pitting 

resistance60,62. 

It stabilizes the duplex against the precipitation of intermetallic phases62 such as 

sigma and chi, by reducing chromium partitioning63. It is also reported the increasing the 

nitrogen content redu

te content and so a reduction in the distance between austenite islands. As it is a 

strong austenite formation its addition to duplex encourages austenite reformation in the 

Heat Affected Zone.  

The introduction of nitrogen also introduces metallurgical complexity into the 

duplex. The solubility of nitrogen in liquid steel is the first concern. The importance of 

this is to prevent the occurrence of nitrogen degassing on casting solidification64. The 

nitrogen solubility in steels is highly composition dependent. It was found that increasing 

the C34,64, Mo and Mn content resulted in a

ty of the steels, while increasing the Si, Cu25,34,46 and Ni32,64 content results in a 

decrease. This was contradictory to the results for W32,64. Duplex has been made up of 

0.87% N in a pressurized electroslag process21. 

SCRATA50 in their 1991 "Material Fact Sheets" comments that the maximum 

nitrogen should be limited to 

e to safely increase the level of nitrogen in a duplex at least for the 22Cr-5Ni-4Mo 

type. It has also been reported that castings can have nitrogen levels as high as 0.28% 

without gas porosity defects68.  

It was shown 

m
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creasing Ni decreased the nitrogen concentration in austenite due to dilution, with an 

increas

 3% and 6% 

r nitrogen levels of 0.1% and 0.23% significantly decreases the critical pitting 

CPT), probably due to an increase in MnS inclusion which can act as 

itiation sites for pits69. The combined addition of N and Mn in duplex improves28 

pitting 

ts such as sulphuric acid. In some 25% Cr duplex 1.5% Cu 

is adde

Copper appears to improve machinability in low oxygen and sulphur materials 

 hardening after exposure to the 300-600°C temperature ranges. This is 

ue to the precipitation of Cu rich precipitates. This improves the abrasion corrosion 

resistan

in

e in austenite. 

 

4.5.  Manganese 

 

Manganese has little effect on the duplex phase balance, especially at the levels 

encountered and is extended from the Creq and Nieq
65. Nevertheless it would appear that 

Mn can increase the temperature range and formation of rate of detrimental sigma phase. 

Mn addition to stainless steels increase abrasion and wear resistance67, and tensile 

properties without the loss of ductility66. It also increases the solid solubility of nitrogen 

and thus allows for increased nitrogen and thus allows for increased nitrogen contents to 

be achieved without the risk of out gassing. However, Mn-addition in excess

fo

temperature (

in

resistance and counteracts the singular problems associated with Mn. 

 

4.6.  Copper 

 

Copper is a minor alloying element which is added to improve the corrosion rate 

in non-oxidizing environmen

d to obtain the optimum corrosion resistance in 70% H2SO4 at 60°C while for 

boiling HCl an addition of 0.5%Cu decreased both the active dissolution and crevice 

corrosion rates. Addition of Cu to duplex is limited to 2% since higher level would lead 

to precipitation hardening70. 

and can lead to

d

ce in duplex pump castings. 
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duce ipass. It also increases the 

crevice

 Ogawa et al.76 

dicated that the amount of Cr2N tended to be increased by W additions. They suggested 

s responsible for these phenomena are the reduction in the solubility of N in 

e ferrite phase by tungsten entering into solid solution and the reduction in the 

solubili

 with increased pitting corrosion resistance and a claimed immunity to stress 

orrosion cracking. However, a high silicon level is a strong sigma former68,50,72. Taylor68 

 Molybdenum can be particularly dangerous. 

4.7.  Tungsten 

 

Tungsten addition of up to 2%71,30,76 is allowed in duplex as it improves pitting 

resistance, i.e. extend the passive potential range and re

 corrosion resistance in heated chloride solutions53. This is due to the adsorption of 

tungsten into the passive layer without the modification of its oxide state. However in 

acid chloride solutions tungsten appears to pass through from the substrate into a passive 

film by interaction with water to form insoluble WO3
73. 

According to Nilsson et al.30 and Hertzman et al.74 tungsten is known to form 

intermetallic phases in the 700 to 1000°C temperature range and encourages formation of 

secondary austenite formation in the weld metal. According to J.S.kim, K.Y.Kim and 

J.S.Lee in 2507 tungsten has a strong effect in suppressing the brittle secondary phase 

precipitation, particularly in the early stage of aging. However, as the aging time is 

increased this is suppressed75. Levels between 1% and 3% have been shown to restrict the 

formation of sigma at the phase boundaries and instead the precipitation occurs at the 

intragranular sites. This is due to the large tungsten atom influencing the diffusion of Mo 

and W at the phase boundaries and thus nucleation of sigma. Nilson30 and

in

that the factor

th

ty limit of N in the steel as a whole with increased ferrite content. 

 

4.8.  Silicon 

 

It is beneficial for concentrated nitric acid service and also enhances the high 

temperature oxidation resistance67. High silicon (3.5-5.5%) bearing duplex has been 

developed

c

indicates that silicon in combination with
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SCRAT

4.9.  Ca

 suppress the precipitation of Cr-rich carbides which can act as 

itiation sites for pitting corrosion and intergranular attack.  

rolled though not eliminated as the presence of 

ome sulphur is important for weld bead penetration67. Level of C and S can be controlled 

by usin

ed out that it is the local microsegregation of chromium and 

molybd

efficient of nitrogen is dependent on composition. Cr and Mn increase 

nitroge

A recommends that 0.5-0.6% Si content is the best choice for duplex stainless 

castings. 

 

rbon, Sulphur and Phosphorus 

 

The carbon content of most wrought duplex stainless steels is limited to 0.02% or 

0.03% primarily to

in

Similarly P and S contents are cont

s

g the process of VOD or AOD, while phosphorus can be reduced using good 

melting practices.  

 

4.10. Microsegregation of the Elements 

 

Farrar72 point

enum that controls the transformation of delta ferrite and formation of 

intermetallic phases. Farrar showed that the transformation from delta ferrite to austenite 

is accompanied by significant diffusion of both Cr and Mo across the austenite /ferrite 

boundary to the delta-ferrite and that the enrichment strongly influences the formation of 

intermetallic phases. 

Atamert and King77 found that Cr partitioning was not significantly influenced by 

temperature. Molybdenum however was found to partition to ferrite as temperature 

decreases. A strong partitioning of nickel to austenite was observed to decrease gradually 

with increasing temperature. Nitrogen was found to have the most profound effect on 

phase balance, increasing the amount of austenite and reducing the amount of ferrite. The 

partition co

n solubility, which explains why super duplex can contain higher nitrogen 

contents than the lower chromium variants. It is also affected by temperature. During a 

solution anneal, even though the solubility of nitrogen in ferrite may increase, the volume 
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rtitioning of Ni, Mo and Cr during ferrite solidification is not as 

reat as in austenite solidification. They also showed that the partitioning of Cr, Mo and 

 was not significant in welds. However an 

crease in Ni or N promoted the partitioning by raising the austenite transformation 

en was found to have a dominant effect on the formation of 

eld metal austenite. 

 

Duplex have low thermal expansion coefficients similar to carbon steels. This 

for expansion joints and renders duplex suitable for thermal 

ycling conditions. The thermal conductivity is higher than for austenitic grades and this 

with h

Duplex have higher proof strength (Rp) and tensile strength (Rm) values than 

ost ferrite and austenitic grades169,170. The ultimate tensile strength is high, while the 

eater than 25%. This allows duplex to be used as thinner sections than 

ustenitic grades94. The ability to work harden duplex alloys up to tensile strength (Rm) 

of 1200

 

fraction of austenite decreases. This leads to an enrichment of nitrogen in the remaining 

austenite49. 

Ogawa and Koseki54 found that among Cr, Mo and Ni, the microsegregation of Ni 

and Mo is more pronounced than that of Cr, and Ni is more pronounced than Mo. It was 

also found that the pa

g

Ni between the ferrite and the austenite

in

temperature. Again, nitrog

w

5.  Physical And Mechanical Properties 

 

5.1.  Physical Properties 

 

reduces the requirement 

c

igher mechanical strength, allows for thinner walled components in many 

applications such as pressure vessels and tubing. Duplex shows a degree of magnetism. 

 

5.2.  Tensile Properties 

 

m

elongation is gr

a

 MPa is exploited in the manufacture of wirelines, surgical prostheses etc. 
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The hardness requirement approximately 28 on Rockwell C (HRC) depending on 

rdness of solution annealed duplex and super duplex alloy are 

enerally below this limit, unless subject to cold work or precipitation of intermetallic 

phases.

g the aluminum level128. There are a number of other 

factors8

ly important in the super duplex grades, in which the 

transfo

uplex and 

increas

 temperature. 

Duplex should not be used beyond 300°C unless specific toughness evaluations 

re made. Particular attention should be paid to welds, where the initial impact strength 

 to accommodate the drop which occurs due to service ageing. 

ndeed a limit of 250°C has been stated for welded structures83. 

 

5.3.  Hardness 

 

the alloy type. The ha

g

 

 

5.4.  Impact Strength 

 

High impact energies can be achieved in duplex as low as -100°C in the solution 

annealed and unwelded condition. Impact strength can be improved by reducing the 

oxygen content and by controllin
2 that affect the toughness of wrought duplex alloys. Any precipitation of 

intermetallic phases, such as sigma, chi etc., leads to a sharp decrease in toughness. This 

phenomenon is particular

rmation is the most rapid. 

In alloys containing copper, it is possible to undertake low temperature heat 

treatment to obtain appreciable hardening and wear resistance while maintaining 

satisfactory toughness. 

Cold work reduces the room temperature impact strength of the d

es the ductile to brittle transition temperature. The combination of cold work and 

ageing in the range 300-400°C leads to an even greater drop in the room temperature 

impact strength and in some heats of grade S31803 (Alloy 2205); it has been reported 

that78 the ductile to brittle transition can be raised above ambient

a

should be sufficiently high

I
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he value of fatigue limit is generally 

found t

 saturation behavior. Two regimes can 

be diffe

locations can be observed in the austenite grains. 

islocations were also found in the as received specimen of SDSS in the ferrite 

nd austenite grains. The material did not receive any further heat treatment, as it was 

received in the annealed condition. The ex ay have been produced 

during extrusion 

 

 

5.5.  Fatigue Properties 

 

Materials with Rm greater than 1000Mpa, t

o be less than 50% Rm. Similar results obtained in sea water type environments 

appear to show marked scatter84 with some duplex and austenitic steels giving corrosion 

fatigue limits (CFLs) close to average fatigue limit in air (AFLA), whereas others hardly 

attain values equivalent to 0.4*AFLA (or 0.2*Rm). 

The drop in fatigue strength in a corrosive environment is clearly linked to the 

intrinsic resistance of the materials to the corrosion mechanisms165. PREN >40 is 

necessary to ensure minimum risk of fatigue strength reduction in sea water while a 

PREN of around 32 is desirable to minimize the reduction in fatigue strength.  

Chwee-Sim Goh and Tick-Hon Yip158 studied the cyclic behavior of SAF 2507 

under constant plastic-strain amplitudes. The cyclic hardening/softening curves show 

initial hardening, followed by softening and finally

rentiated in the cyclic stress-strain curve (CSSC) of DSSS. The transition point at 

which the cyclic strain-hardening rate changes is identified to be εp/2 = 7*10-3. TEM 

results showed that there is a close relationship between CSSC, hardening/softening 

curves and the dislocation substructure evolution.  

In the low plastic strain amplitude regime of the CSSC, the dislocation activity in 

the austenite grains is found to be higher than that in the ferrite grains. At higher plastic 

strain amplitudes, low-energy dislocations were found in the ferrite grains, while clusters 

and bundles of dis

D

a

isting dislocations m

. 
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6.  For

power 

s shown that, by taking a number of precautions similar to 

ose used for high molybdenum and nitrogen austenitic alloys, cold drawing of the 

 major difficulty. During the last 10 years Aker 

aritime has used cold forming as an important process in the fabrication of pipes made 

up of d

uring heat 

treatme

he hyperbolic sine function proposed by Sellars and Tegart. An activation 

energy

ming and Machining 

 

6.1.  Cold Forming 

 

High forming pressure is required, greater than that for the 304 grades and more 

is required. Local strains e.g. at the surface during bending of up to 60% can be 

tolerated in the base metal but the maximum permissible value is much lower in welds, 

particularly when the ductility of the weld metal has not been optimized by controlling 

the oxygen and hydrogen contents and by ensuring the absence of intermetallic phases94.  

Industrial experience ha

th

duplex grades can be performed without

M

uplex stainless steels85. 

 

6.2.  Hot Forming and Superplasticity 

 

Because of the two phases the duplex can be readily hot formed above 950°C. 

Indeed, they deform so easily that precautions must be taken to avoid creep d

nt. This can be overcome by using induction heating in the case of tubes. 

Superplasticity has even been shown86 to be possible in duplex deformed above 900°C. 

This phenomenon requires low strain rates, temperature of at least 0.6 Tm (where Tm is 

the absolute melting temperature) and a very fine structure (grain size ≤ 1um). 

L Duprex, B.C.De Cooman and N. Akdut159 performed hot torsion test on the 

DSS of type EN1.4462 steel. The temperature was varied in the range from 950˚C to 

1200˚C, while the strain rate was varied from 0.01/s to 2/s. The mean flow stress (MFS) 

was fitted to t

 for plastic deformation of QHW = 425 KJ/mol was obtained. The high value was 

explained by the fact that, in addition to the softening of ferrite (δ) and austenite (γ), there 
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effect was characterized by a nonstrengthening plateau during initial 

stages 

ing-fault energy (SFE) of ferrite results in the relative ease 

of disl

s at the phase boundaries, which 

ay lead to crack formation. 

bserved that for ln(Z) value below 36, the beginning of plastic 

eformation is characterized by strain partitioning between austenite and ferrite. The 

mechan

ly easy to machine79 

nd behave in a similar manner to austenitic grades 316 and 317 for machining with HSS 

and wi

decreas

was a decrease in the volume fraction of the high strength austenite with increasing 

temperature.  

For higher value of Zener-Holomon parameter (Z), the MFS showed a linear 

dependence on ln(Z), which was related to be gradual disappearance of a yield-point-

elongation-like 

of plastic deformation. The strain to rupture and the dynamic softening were both 

found to decrease for higher value of ln(Z). Therefore the ductility was directly related to 

the amount of dynamic softening that is dynamic recrystallization (DRZ) of the austenite 

phase. At high strain rate significant dynamic softening was observed for temperatures 

above 1100˚C.  

In ferrite the high stack

ocations to climb at high temperature. As a result, the build up of stress 

concentrations is slowed and very high ductility is obtained especially in hot torsion 

where the deformation is shear-like. It is generally accepted that strain partitioning 

between ferrite and austenite results in internal stresse

m

It was also o

d

ical behavior is therefore determined by the recovery of ferrite resulting in a yield 

point elongation like plateau in the stress-strain curve. 

 

6.3.  Machinability 

 

The lower alloyed duplex like the S32304, are comparative

a

th 317LN and 317LMN for machining with cemented carbide tools. Modern 

duplex grades are much difficult to machine than the older grades by virtue of the higher 

austenite and nitrogen content. With increasing nitrogen and molybdenum machinability 

es rapidly. Thus super duplex are most difficult to machine. 
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er factors such as low fraction of non metallic 

inclusion and low carbon content also contribute. Improved machinability can be 

troducing non-metallic inclusions, such as sulphides. Nevertheless high 

lphur grades will be sensitive to weld metal cracking and have a lower resistance to 

pitting 

.  Corrosion 

The most important alloying elements with respect to the localized corrosion 

Cr, Mo and N whereas Ni acts to stabilize the austenite phase. 

his review will focus on various types of corrosion and the various corrosion tests. 

 

 

e duplex alloy S32550 with up 

 2.5% Cu can be used between 40% and 85% H2SO4
95. The super duplex grade can be 

ration and temperatures out performing Ni based alloys like 

08020 (Alloy 20Cb3) and offering similar resistance as special silicon austenitic 

Comparisons of duplex and austenitic grades with similar alloy content machining 

operations, such as end milling with HSS tools, the duplex grades are easier to machine. 

But intermittent cutting operations are more difficult for duplex than for austenitic alloys. 

These differences are due to the higher strength of duplex and in particular the 

high temperature tensile strength. Oth

achieved by in

su

corrosion87. Thus they should only be selected where welding is not envisaged and 

corrosion resistance is not paramount.  

 
7

 

properties of duplex are 

T

7.1.  General Corrosion 

7.1.1. Sulphuric Acid 

 

All duplex grades show a lower corrosion rates than 304L and 316L in dilute 

sulphuric acid166,167. Higher alloy grades are more resistant than alloy S3230488,89. 

The beneficial effect of copper, as an active alloying element in reducing acids, is 

illustrated by an improved performance of alloys S32550 and S32760 with between 0.5% 

and 2% Cu compared to alloy S32750 with no copper. Th

to

used at even higher concent

N
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stainles

It is extremely aggressive and stainless steels are therefore only resistant at lower 

des S32205/S31803 offers similar resistance to 316L at low 

mperatures although the resistance is better at higher temperature. The super duplex are 

similar

idizing environment. In this Molybdenum has a strong negative 

ffect, while chromium is beneficial. Hence it has been recommended that a limit of 2% 

Mo co

cid 

osphoric acid is not very corrosive. Contaminants in wet process 

hosphoric acid, such as chlorides and fluorides, can lead to high corrosion rates. Duplex 

like S3

ivation properties in pure and 

ontaminated acids92. Modern duplex S32205/S31803 are resistant in acetic acids 

 304L corrodes at high temperatures and may even crack at 

s steels. A good resistance has been obtained for S32550 at a flow rate of 10 m/s. 

At this rate it was found that the passivity was stabilized.  

 

7.1.2 Hydrochloric Acid 

 

concentrations. Gra

te

 to austenitic alloys N08028 and S3125495,96. The best performance in HCl is 

shown by S32760 with Cu and W additions. 

 

7.1.3.   Nitric Acid 

 

This leads to an ox

e

ntent should be considered95, like S32950 or the low alloyed steel S32304 

otherwise it would lead to intergranular corrosion. 

 

7.1.4. Phosphoric A

 

Concentrated ph

p

1803 and S32550, have been utilized in such media91 e.g. as pumps and valves and 

in chemical tankers. 

 

7.1.5. Organic Acids 

 

Duplex and super duplex have good pass

c

whereas the austenitic grade
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igh concentrations. In formic acid, most aggressive of all organic acids, most stainless 

steels a

ed in caustic environment at low concentrations. Studies in 

e pulp and paper industry have shown that duplex have much lower corrosion rates than 

des in white liquors94 (caustic environment with NaCl, Na2CO3, 

a2S, Na2SO4) of kraft digestors. 

 

7.2.1.  Pitting Attack 

amount of Cr, 

o and N and the corrosion properties was found by Lorenz and Medawar. It is: 

 

duplex due to the 

resence of two phases. It is important to consider the pitting resistance of ferrite and 

austeni  

especia al 

compos  improper ferrite-

austeni

 

h

nd titanium corrode at intermediate concentration and high temperatures, but 

super duplex S32750 is resistant to the boiling point93. 

 

7.1.6. Sodium Hydroxide 

 

Duplex can be appli

th

standard austenitic gra

N

7.2.  Localized Corrosion  

 

 

The mathematical formula describing the relationship between the 

M

PREN = %Cr+3.3%Mo+16%N 

or 

   PREN = %Cr+3.3(%Mo+0.5%W)+16%N 

 

It is used in ASTM A890-94a. However many researchers believe14,47,54,95,96 that 

PREN calculated from the bulk alloy composition may be misleading in 

p

te individually due to partioning of the alloying elements between the phases

lly if the heat treatment is not optimized. An adjustment to the chemic

ition to meet a specified PREN can cause a grade to have an

te phase balance. The factors which affect pitting corrosion are:  
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     o much austenite would lead to    

2) 

3) eat treatment temperature - Proper solution annealing temperature 

4) his includes selecting proper welding 

parameters, joint geometry, heat input, filler metal and shielding /backing 

 aggressive89. 

is obtained with higher alloy grades and modern grades with 

ore nitrogen addition i.e., S31500, S32304 and S32900. Grade S32304 has similar 

resistan

evice formers. The 

revice corrosion resistance is related to the pitting resistance as the CCTs are roughly 

In practical experience it has been shown that grade S32205/S31803 and S32550 

can suf

1) Balance ferrite and austenite - Too much ferrite can cause the formation of  

 Cr2N and other intermetallic phases and to

      reduction in nitrogen and greater segregation of Cr and Mo. 

Control of Ni content - This is necessary to have a proper balance of the 

phases. 

Proper h

is required for the balance of the phases. 

Proper welding procedures - T

gases. Excessive dilution and extremely slow and fast cooling should be 

avoided. 

5) Proper pH - The pH has a small effect on pitting resistance with lower pH 

conditions being more

 

Improved resistance 

m

ce to the austenitic grade S31603 while super duplex S32750 are comparable to 

6%Mo austenitic grade S31254. 

 

7.2.2. Crevice Corrosion 

 

Crevice corrosion can be formed at flanged joints, beneath weld spatter etc, and 

the tighter the gap the more likely that crevice corrosion will occur. For instance soft non 

metallic materials, which can mould to the metal surface, are severe cr

c

proportional to CPTs89. 

fer from crevice attack in 1 ppm chlorine at 16°C101 and 0.8 ppm at 10°C98, while 

super duplex are resistant at 45°C in sea water with 0.8 ppm chlorine. 
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an 

explain

ck which reaches the austenite, to 

ropagate through it requires the prevailing potential and pH to be favorable to cracking 

 to leave the austenite intact unless the stress 

 sufficiently high to cause ductile tearing, which will require high stress intensities.  

s like S32750 are resistant to cracking in aerated 10%Cl (i.e. 

6.5% NaCl) with temperature approaching 300°C89. 

 

The resistance of duplex stainless steel to SCC in the presence of H2S and 

hloride is reduced, if compared to similar environments where only chloride is present. 

creasing chloride concentration reduces the critical pH2S which can be tolerated at a 

H2S can be withstood at low and high temperatures as long 

s chloride contents are low i.e. below 0.1% NaCl. 

 

7.3. Chloride Stress Corrosion Cracking 

 

Work in 1950s and 1960s concluded that ferrite protects austenite against SCC, as 

it has a lower corrosion potential in an acidified crack solution, such that once a crack in 

austenite reaches ferrite, the mixed potential inside the crack is suppressed and the 

austenite is protected.  Gunn160 reports that the SCC resistance to laboratory weldments with 

“normal” ferrite levels is about equivalent to the resistance of base metal. 

However in modern duplex cracking can occur preferentially in ferrite phase. This 

is because ferrite has at least 3%Ni in comparison to the ferrite based stainless steels 

which are nickel free. This makes ferrite phase susceptible89 to SCC. Cottis and Newm

ed the mechanism using appreciation of electrochemical behavior and mechanics 

of crack propagation through the two phases. The cra

p

in this phase. However the ferrite would tend

is

Superduplex grade

1

7.4.  Sulphide Stress Corrosion Cracking 

 

7.4.1.  The Effect of H2S 

 

C

In

given temperature100. Higher p

a
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e hydrogen charging of duplex101 

although this will depend on the separation distance between the anode and structure. 

t very small cracks originate in the ferrite and are blunted 

hen they reach austenite; hence the finer the grain size, greater the resistance of duplex 

has been found that cracks propagate under high loads102 

bove Rp when austenite can be plastically deformed. 

ion Tests 

92 Meth d in 6% FeCl3(by weight) solution at various 

tem the newest version has two 

imp

 

1) The title of Method A was changed from “Total Immersion Ferric Chloride Test" 

7.4.2. Cathodic Protection 

 

The cathodic protection is usually by aluminum alloy anodes with a potential of 

about -1000mv SCE. It has been shown that embrittlement occurs at -900mV SCE in cold 

worked material. The potential difference reduces th

Several works have shown tha

w

to hydrogen embrittlement. It 

a

 
8.  Corrosion Test Methods 

 

8.1.  Pitting Corros

 

The most widely used pitting corrosion test is ferric chloride test per ASTM G48-

od A, in which samples are teste

peratures. Compared to ASTM G48-76 Method A, 

ortant changes: 

to "Ferric Chloride Pitting Test". 

2) A new section “Significance and Use" was added. 

3) An appendix titled "Recommended Standard Data Format for computerization of 

data from ASTM Standard Test method G48-XX" was added. 

 

The ferric chloride pitting test can be used to rank alloys in two ways. One is to 

test alloys at the same temperature and compare the weight loss, and the second is to test 

alloys at the same temperature and see which alloy exhibits pitting. This is also called as 
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Critical

lic Phase in wrought duplex". This standard 

pplies only to two alloys (S31803 {Alloy 2205} and Cast A890-4A) and requires a test 

°C for the weld metal.  

Another commonly used pitting corrosion test is called the cyclic polarization test. 

The tes

 

ny 

r 

rs) and practice C (boiling 65% HNO3 for 240 hours)35,11,36,104.  

Another popular IGC test method is called Electrochemical Potentiokinetic 

EPR) test105,106. This test is quantitative; is highly sensitive to a relatively 

all degree of chromium depletion; quite rapid and non-destructive105. The test has been 

incorpo 304L 

onl ence of sigma 

pha

 

9.  W

 

itable for duplex stainless steels: 

1) SMAW - Shielded Metal Arc Welding (Stick electrode welding) 

2) 

 Pitting temperature (CPT) test. It takes several tests to define the CPT for a given 

alloy and each pitting test is conducted for 24 hours35,95. 

Ferric chloride test also appears as Method C in ASTM 923-94 "Standard Test 

Methods for Detecting Detrimental Intermetal

a

temperature of 25°C for the base metal and 22

t requires more expensive equipment than FeCl3 test103. Another method is Zero 

Resistance Ammeter (ZRA). It is an electrochemical test. The advantage is that it 

determines the CPT in a short period of time. 

8.2.  Intergranular Corrosion (IGC) Tests 

 

No standardized IGC test is available from ASTM for duplex. However, ma

researchers have adopted ASTM A 262 Practice B (boiling Fe2(SO4)3-50% H2SO4 fo

120 hou

Reactivation (

sm

rated as an ASTM standard practice G108-94, however for AISI 304 and 

y. Otero et al.105 found that EPR test can be used to determine the pres

se. 

elding  

The following welding processes are su

GTAW - Gas Tungsten Arc Welding 

3) GMAW - Gas Metal Arc Welding  

4) FCAW - Flux Cored Arc Welding 
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e weld and HAZ. Research has been in the 

field of

sened ferritic structure is formed. In corrosion testing, corrosion damage 

ppeared only in the weld metal at the center line of the weld. Hence laser welding, if 

e used with filler metal only.  

Electroslag welding is not suitable for welding because of its high heat input and 

extrem

 more 

frequen

nsumables over basic electrode for good slag detachability (beneficial 

or root pass welding) and smooth weld based appearance but they have low impact 

ughness due to high silicon and oxygen content109,110,111,112 and vice versa. 

ing and porosity110,114. 

ne method is to re-dry electrodes for about two hours at 250-350°C before welding or to 

use ex electrodes which have a guaranteed low coating 

5) SAW  - Submerged Arc Welding 

6) PAW  - Plasma Arc welding (Table 4) 

 

The other welding processes such as resistance welding, laser welding, electron 

beam welding and friction welding are considered immature processes for welding 

duplex. The reason is that these processes are characterized by rapid cooling rates which 

lead to excessively high ferrite content in th

 laser welding by Kajo Grubic and Ivan Juragac107 showed that the power of laser 

beam and welding speed have significant effects on the shape of a weldment, penetration 

depth and weld width. Welding without filler material, no matter what the parameters is 

highly coar

a

used, should b

ely slow cooling rate. Of the processes stated above SMAW (MMA) and GTAW 

(TIG) are the most frequently used processes but now days MIG/MAG is used

tly. 

 

9.1.  SMAW 

 

It is a versatile welding process and can be used for welding at any position. In 

addition for repair welding of castings and other structures, SMAW is selected108. 

Either rutile or basic electrode is used for welding duplex. Welders prefer rutile 

coated welding co

f

to

Moisture control is important to prevent hydrogen crack

O

tra-moisture resistant (EMR) 

moisture content. 
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Table 4: Welding Processes Characteristics (A
 

WELDING PROCESS 

 

fter Nassau [128]) 

 
CHARACTERISTICS 

Shielded Metal Arc Welding 
n rate 

Readily available, all positions, slag on 
weld to be removed, low depositio

Gas Tungsten Arc Welding od skill, most suitable for pipe Requires go
welding, high effect of dilution in root 
runs, low deposition rate, can be 
mechanized/automated 

Gas Metal Arc Welding od skill, more setup work, 
lity 

g of 

Requires go
metal transfer depends on wire qua
(spattering), commonly only for fillin
joint, high deposition rate, can be 
automated 

Flux Core Arc Welding es, only Limited availability of consumabl
for filling of joint, limited positional 
welding, high deposition rate, slag 
protection 

Submerged Arc Welding p 
arrangements, only downhand (flat) 
welding, high dilution affects weld 
properties, higher deposition rate, slag 
removal in joint may be difficult 

Only mechanized, required set-u

Pulsed Arc Welding Requires complex equipment, only 
mechanized welding, no filler metal added, 
plate composition determines weld 
properties, high welding speed 
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In SMAW, the weld pool is protected by gases and slag from the electrode 

coverin

 in the impact toughness. 

To avoid dilution in the root pass, filler metal must be added. GTAW without 

togenous) is not recommended unless PWHT is planned109,111,113. Solution 

ads to the loss of nitrogen also which would result in high ferrite content in the weld. 

Thus an

This process is nowdays commonly used for welding of duplex and super duplex 

ecause it offers high weld metal quality, low fuel emission rate, higher efficiency and is 

safest result because of better 

enetration profile. It has been the best choice for joining 13% Cr pipe using super 

duplex

 

 

g. To maximize this protection, Holmberg113 recommended that an arc as short as 

possible should be maintained. A long arc can produce weld porosity, excessive oxides, 

excessive heat input and reduced mechanical properties. 

 

9.2.  GTAW 

 

It is slow but is ideal for making high-quality root passes in pipe welding. The 

process prevents residual slag, spatter, and oxidation of the inside root pass, with proper 

backing. Moreover, greater control and repeatability can be achieved by using an 

automated GTAW process. This process also provides the best impact toughness for the 

weld metal comparing to other processes. However if there is excessive dilution or 

improper backing and shielding gas then there is a decrease

filler metal (au

le

 inert gas shielding may not be proper for GTAW. 5% N2 into Ar (more than 5% 

will cause an unstable arc) and 100%N2 as backing gas can be used. Heat input for 

GTAW and SMAW is nearly similar, i.e., 0.5-2.5 KJ/mm. 

 

9.3.  GMAW 

 

b

cost effective. Pulsed arc GMAW gives the best and 

p

 wire electrodes115. 
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9.4

 

 

 

lowering the joint volume and filler wire 

3) With pulsed welding current offers an easy way to control heat input 

6) Small consumption of shielding gas 

But it 

 cause dilutions as high as 70%, which 

will pro

 6-5/8 inch diameter with a 

/16 inch wall thickness. Welds were made without shield gas on 22% chromium DSS 

.  Narrow Gap GTA Welding of P/M Superduplex  

It is the best method for welding thick wall P/M super duplex because

1) Improves the weld quality 

2) Improves economic efficiency by 

consumption 

4) Lower heat input  

5) Lower incidence of weld metal defects 

7) Lower residual stress 

 

requires more accurate joint preparation and alignment and more expensive 

shielding gas116. Flux is a great concern too for having lower weld metal oxygen content. 

 

9.5.  Other Welding Processes 

 

Shielding gas and flux are a major concern for FCAW also. Filler metals are also 

limited for this process108,117. Dilution is a great concern for SAW and PAW. High 

current as well as incorrect nozzle positions can

duce a very coarse structure. For SAW, dilution can be controlled by proper weld 

preparation and heat input and careful management of interpass temperature. For PAW, 

nickel-base filler metal and /or postweld heat treatment should be considered. For all 

processes, to control the heat input, stringer beads should be used123 (Welding duplex 

stainless steels - Jan Hilkes and Karel Bekkers). 

One paper discussed a DSS Radial Friction Welding (RFW) procedure 

optimization effort aimed at increasing production rated and reducing installation costs of 

flowlines in the oil and gas industry.  The pipe examined was

9
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 and super duplex rings. The testing showed that the weld cycle time 

ould be used to control the ferrite content in the weld to values of 49-63%, with no 

sigma p

e weld and HAZ. Filler metals that have a modified chemistry 

compar

und 

that we

ptimum nitrogen 

olubility display excellent corrosion resistance and mechanical properties. Pak and 

Rig d found that 

the

 different electrodes in the as welded and 

PW

 

1) ment and quenching. 

2) Tensile properties, in terms of proof strength and ultimate tensile strength are 

always reduced after solution annealing. 

using both matching

c

resent in the final product. No information could be found on whether or not this 

apparent production process improvement was implemented. 

 

9.6.  Filler Metals 

 

Proper selection of filler metals is very important to maintain the mechanical and 

corrosion properties of th

ed to base metal are generally accepted. It is modified to provide comparable 

mechanical properties and better corrosion resistance and to allow for the loss of 

particular elements in the arc68. Hence the filler metals have higher nickel content and 

nitrogen. Ni is added to control the ferrite content and increase the pitting corrosion 

resistance of weld metal. 

Weld metal toughness is affected by not only the ferrite content but also oxygen 

content. Covered electrodes with high silicon content such as rutile electrodes also give 

high oxygen content in the weld metal. Basic covered electrodes give lower silicon and 

oxygen content118 (Welding consumables for Duplex and super duplex - Optimizing 

properties after heat treatment - G.B Holloway & J.C.M.Farrar). Atamert et al.127 fo

ld metal oxygen content is inversely proportional to the flux basicity. He claimed 

that flux-cored weld wires with low oxygen concentration and o

s

dal used consumable wires OK Tubrod 14.27 and OK Tubrod 14.37 an

se wires can produce weld metals that fulfill the requirements of duplex welding. 

G.B Holloway & J.C.M.Farrar compared

HT conditions for welding duplex and super duplex and found that: 

Toughness always improves after solution treat
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3) 

 found that welding super duplex 

using h

ugh there has been many developments the development of welding filler 

electrodes/ wires for duplex and super duplex, the standardization of welding 

con 8. Van Nassau et al.108 pointed out that covered electrodes can be 

ma g drafts of national and international standards or working 

doc

1) AWS A 5.4-92 

3) CEN (TC121 PREN) 

4) 

Weld metal ferrite content showed little reduction after solution annealing. 

4) Overmatched consumables are now considered to be a viable option if proper 

welding procedure and heat treatment is used. 

 

Ni- base filler metals are often used for corrosion resistance, especially for root 

passes where the dilutions the highest. However, Holmberg127 stated that combination of 

Ni-base fillers in the root and duplex fillers in the intermediate passes and cap passes may 

result in brittle microstructures. Oedegaerd and Fager

igh Ni filler metal produced Cr2N in the reheated regions and resulted in lower 

toughness. Karlsson et al.119 indicated that the newly developed OK92.95 can solve the 

above problem. He showed that the weld metal deposited with electrode OK92.95 has an 

impact toughness of>50J at -196 °C and CPT> 85 °C.  

Altho

sumables is limited10

de to the followin

uments: 

 

2) AWS A 5.9-93 

IIW (Subcommittee IIE.Doc.II-E-11891) 

 

9.7.  Shielding and Backing Gas 

 

Nitrogen is known to be the most beneficial on duplex. It has been shown that 

nitrogen addition to shielding and backing gases improves the pitting corrosion resistance 

compared to normal pure argon120,133. While backing gases are encouraged to be 100% 

N2, nitrogen content in shielding gas has to be limited to below 5% due to weldability 

problems. It has been shown that level of nitrogen above 3% in argon can lead to 
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atter and weld metal 

porosit

 

usually

CO2 or 68%Ar+30%He+1%O2 are suggested for 

22%Cr duplex wire electrode. For super duplex 100% Ar gives a very good result with a 

 and spatter. Ar+2%CO2 can also be used as an alternative. For 

ray arc welding 69% Ar+30%He+1%O2 can be used for 22%Cr duplex and 

x electrode. 

 
10.  W

e ferrite 

conten

 ferrite level in the 

detrimental effects on weldability, particularly reflected in tungsten electrode 

contamination, unstable arc conditions, weld pool turbulence, sp

y. Besides adding nitrogen to argon, helium and hydrogen can also be added. In 

general, more penetration can be achieved by helium and hydrogen. However if hydrogen 

is used in the shielding gas, ferrite content must be properly controlled to prevent 

hydrogen cracking. It also enhances nitrogen loss in the weld pool. 

In GMAW oxidizing gas components such as oxygen and carbon dioxide are

 required to stabilize the arc. However, oxygen additions may result in lower weld 

metal toughness for duplex. Stenbacka et al.125 emphasized that standard gases such as 

Ar+2%O2 and Ar+2%CO2 are not suitable in GMAW of 2205, 2507. A quaternary gas 

mixture containing Ar, 5%He, 2%CO2 and 2%N2 which is called Arcal 129 can be used. 

For pulsed arc welding, Ar+2%

weldment free from oxides

sp

Ar+2%CO2 for super duple

elding Metallurgy 

 

10.1 Heat Affected Zone 

 

It is important to control the ferrite-austenite balance in the weld HAZ. Gooch25, 

stated that intergranular corrosion resistance of duplex would deteriorate when th

t is high. This can also lead to a decrease in impact toughness41,129,130,132. The high 

temperature HAZ can be defined as the zone next to fusion boundary which approaches 

the melting point and would become completely ferritic on heating. Low temperature 

HAZ is the zone where the phase balance has remained substantially unchanged. 

Certain effects on HTHAZ may occur if welding is performed with fillers giving 

weld metals different nitrogen activities. Use of nickel base filler, such as type 625, will 

result in nitrogen migration into the fused region thereby increasing the
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HTHA

tenite reformation, hence, the original phase ratio of ferrite to 

austeni

icrostructures with 

a high 

high heat input, may not be beneficial. Although the ferrite content 

may be

   

s 

exhibit a wider more highly ferritic HAZ than the super duplex alloy 2507 is related to 

Z126. In HTHAZ, lower temperature reaction may occur in rapidly cooled welds, 

such as nitride formation. In the interpass regions secondary austenite may precipitate. 

The LTHAZ is located away from the fusion boundary and may cause intermetallic 

phases. This is a problem encountered in highly alloyed super duplex. 

For duplex ferrite content is a function of heat input/cooling rate. The lower the 

heat input, higher the ferrite content and which reduces the impact toughness41,129,130,132. 

Draugelates et al.132 explained that the higher cooling rate suppresses the diffusion-

controlled processes in aus

te is shifted towards higher ferrite content. Atamert and King41 indicated that the 

decomposition of δ ferrite to δ+γ shows C curve kinetics. The transformation rate is 

fasted at approximately 850°C in Fe-C-Cr-Ni alloys. For super duplex the nose of the C-

curve is at about 1050°C.  

Welding parameters should be controlled to ensure that the overall cooling 

conditions are slow enough for adequate austenite formation in the HTHAZ and fast 

enough to avoid deleterious precipitation in the LTHAZ. Lippold et al. and Kirineva and 

Hannerz showed that the presence of chromium rich nitrides (Cr2N) is observed over a 

wide range of cooling rates and the effect is particularly evident for m

proportion of ferrite. Chromium-rich nitrides also decrease the impact toughness 

and reduce pitting resistance. Increased ferrite and nitrogen levels cause a risk of 

chromium nitride formation in ferrite, due to lower solubility of nitrogen in ferrite. A 

high cooling rate, reduce the tendency of sigma and chi precipitation. 

Excessively 

 reduced by slower cooling rates, the risk of intermetallic precipitation increases. 

In addition high heat input usually results in material being at peak temperatures for 

longer times and thus substantial grain growth may occur which lowers the impact  

toughness41, 133-134. 

Lippold et al. investigated alloys SAF 2205, SAF 2507 and 52N+. It was found 

that alloy 2507 is less sensitive to microstructural degradation in the HAZ than alloy 

2205 over a wide range of heat input and cooling rate. According to him the 2205 weld
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greater

asing the nitrogen content not only raised the A4 temperature but 

also ac

and Lip

 

in the H

four regions in their analysis. It was found that the 

region 

 temperature range between the solidus and ferrite solvus temperature for alloy 

2205. A similar study was conducted by Kivineva and Hannerz who showed that at a 

similar cooling rate, more ferrite was found in the HAZ of SAF 2205 than in SAF 2507. 

Hoffmeister and Lothongkum showed the effect of nitrogen in super duplex. It 

was found that incre

celerated the ferrite to austenite transformation. It was also shown that medium 

nitrogen content such as 0.10% can be detrimental due to precipitation of Cr2N when the 

cooling rate in high. 

The welding thermal cycle peak temperature studied by researchers is 1350°C at 

which ferritization occurs even for super duplex. In general for a given cooling rate, 

higher the peak temperature, higher the ferrite content. However, heating rate and base 

metal structure also affect the final ferrite and austenite balance41. Atamert and King40 

pold et al showed that fast heating rates retard the dissolution of the austenite and 

thus prevent high ferrite content in the HAZ. They also showed that for wrought 

materials the interphase spacing may also affect the ferrite and austenite content in HAZ. 

High peak temperature causes grain growth problems in wrought materials; lower 

impact toughness41,133,134. However it is not the only factor. Ferrite grain growth highly 

depends on heat input and cooling rate. Higher the heat input, greater is the grain growth

AZ. It is also controlled by dissolution of austenite. Atamert and King40 indicated 

that when the spacing between austenite particles is large, grain growth is extensive. 

According to Ferreira and Hertzman134 larger the grain size, lower the austenite content.  

The above discussion is limited to single pass welding. In multipass weld 

deposits, the HAZ from the first cycle can be reheated by subsequent passes, to a degree 

dependent on the position of the HAZ relative to the heat source. In multipass welds the 

underlying weld metal is also reheated by the deposition of each subsequent pass. 

Atamert et al. and King characterized 

2 has lower austenite volume, which is not desirable due to reduced toughness and 

corrosion resistance. They did a computer modeling and found out that this region can be 

eliminated; at least for GTA welding. 
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perature 

sults in a slower cooling rate which for duplex may cause precipitation of various 

Farrar and Karlsson suggested that 23%Cr Mo free and 

2% Cr have a maximum interpass temperature of 200°C whereas 150°C is the maximum 

interpa

rrite and this causes minimum segregation of 

chromi

of the two phases25,135. 

Welding without the addition of filler metal or excessive dilution with base metal 

can

unless t

Ni  it w

 

2) 

igma phase 

40° C PWHT used for alloy 2205 can 

promote sigma phase and embrittlement32. Consequently higher PWHT 

ase (1100 to 1150°C). 

A maximum interpass temperature of 150°C is recommended for multipass 

welding of duplex . This is because for a given heat input, a higher interpass tem

re

undesirable secondary phases. 

2

ss temperature for super duplex and other 25%Cr such as Ferralium 255. 

 

10.2 Weld Fusion Zone (FZ) 

 

Weld metal will exhibit segregation of alloying elements. However, the primary 

solidification phase with duplex is fe

um and molybdenum during solidification [54]. At low heat input the ferrite-

austenite transformation is controlled by nitrogen. At high heat input there is sufficient 

time for diffusion of Cr, Mo and Ni to occur, and therefore there would be significant 

alloy difference 

 produce brittle weld metal with high ferrite content and hence should be avoided 

here is going to be postweld solution annealing. If the filler composition has more  

ould135: 

 

1) Promote austenite formation and will result in the reduction of nitrogen content 

in the austenite and thus lower the corrosion resistance of austenite and hence of 

weld metal. 

Promote greater concentration of ferrite stabilizing elements (Cr, Mo) in the 

remaining ferrite. Hence it is more susceptible to the precipitation of s

in the range of 650-950°C. Ni also widens the temperature range over which 

sigma phase is formed. The standard 10

temperature must be used to dissolve sigma ph
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However, if the dilution from the parent steel is low, ferrite level can be too low 

to even

Duplex can form harmful intermetallic phases during slow cool. It can lead to 

corrosion resistance. The influence of 

lements on the on the stability of secondary phases has a bearing on selecting the 

solution

atment Temperature 

in the H

The oth

 

3) 

f the austenite changes from a discontinuous network to 

ogy. In addition the initially irregular shape 

boundaries become smoother as the solution annealing temperature increases. 

 satisfy weld metal strength requirement. 

 

10.3. Effect of Solution Annealing Heat Treatment 

 

undesirable mechanical properties and poor 

e

 annealing temperatures for duplex. 

 

10.4. Effect of Heat Tre

 

Higher solution annealing temperatures were found to give higher ferrite content 

AZ thereby reducing the impact toughness, ductility and corrosion resistance. 

er effects were: 

 

1) Lowering of the partioning coefficients37. As a result the material is less sensitive 

to intermetallic phase transformations but more sensitive to secondary austenite 

and Cr2N formation37,38. 

 

2) A decrease in chromium content and increase nickel content in the ferrite19. Lai 

et al.19 demonstrated that this affect slows the formation of sigma phase which is 

consistent with Charles37 and Kuroda and Mastsuda38. 

Changes the ferrite and austenite morphologies. Radenkovic et al.136 observed 

that morphology o

continuous grain boundary morphol

Kuroda and Mastsuda38 also noted that the grain size increases with increasing 

peak temperature. 
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ion annealing temperature, stronger the effect of time on the 

rrite content. Grain growth is also faster at higher temperatures, which makes heat 

desirable. Kotecki153 examined the step 

nnealing/cooling procedures using SAF 2205 weld metal but there was no advantage or 

disadva

s required to 

achieve

brittlement. 

The earliest work on ferrite prediction was carried out by Schaeffler in 1949 on 

modified by Delong81 which was further modified by 

otecki137. This involves Schaeffler diagram which requires calculating chromium and a 

nickel 

 

The Schoefer d in specification A800. 

e converted into Creq and 

all the a

1.4Mo+Nb-4.99 

Nieq = Ni+30C+0.5Mn+26(N-0.02)+2.77 

10.5. Effect of Heat Treatment Variables 

 

Higher the solut

fe

treatment at excessive temperatures un

a

ntage observed. 

 

11.  Ferrite Prediction and Measurement 

 

The measurement of ferrite content of duplex is a necessity from the specification 

and service performance consideration standpoints. Ferrite measurement evolved after the 

realization that austenitic weld metal containing a moderate amount of ferrite was free 

from hot cracking related weld defects. In duplex appropriate ferrite content i

 an excellent combination of strength, toughness and corrosion resistance. Low 

level of ferrite may lead to low strength, undesirable corrosion resistance and may not 

prevent hot cracking. High level may lead to reduction in toughness, undesirable pitting 

and intergranular corrosion resistance and also cold cracking em

weld metals. His work was 

K

equivalent for each base metal and proposed filler metal. 

 

11.1. The Schoefer Diagram 

iagram was adopted by ASTM and used 

This diagram requires that all the ferrite stabilizing elements b

ustenite stabilizing as Nieq. 

Creq = Cr+1.5Si+
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 elemental concentrations are given by weight percent. 

 states that the Schoefer diagram is applicable to alloys 

g elem  following ranges: 

 0 

ickel 4.0 to 13.0 

or modern duplex especially super SAF 2507, nitrogen which is a 

rong austenite promoter, Mo which is a ferrite promoter, can easily exceed Schoefer 

diagram

 

11.2. The WRC-1992  

 

sed on magnetic response but in Schoefer diagram it is expressed as 

olume percent. However, as far as modifications to the Cr and NI equivalents are 

concerned, the most significant difference is the disappearance of Mn and Si. 

Here the

ASTM A800-91 

containin ents in the

 

Carbon 0.20 max 

Manganese 2.00 max 

Silicon 2.00 max 

Chromium 17.0 to 28.

N

Molybdenum 4.00 max 

Columbium 1.00 max 

Nitrogen 0.20 max 

 

Thus, it is evident that f

st

 maximum limitations. 

For the WRC the Cr eq and the Ni eq are calculated as: 

Creq = Cr+Mo+0.7Nb 

Nieq = Ni+35C+20N+0.25Cu 

The significant addition in developing the -1992 was the addition of Cu to Ni eq. 

Lake140 developed data on the evaluation effect of Cu. Using Lake's data Kotecki141 

proposed a coefficient of 0.25 for Cu. He pointed out that the WRC-1992 only offers 

predications over a limited Cr eq and Ni eq range 17-31 and 9-8. 

In WRC ferrite content is expressed in terms of ferrite number which is an 

arbitrate number ba

v
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of Mn w

 

1) ature formation of austenite at the expense 

of ferrite, and thus the effect of Mn on ferrite content is very small. 

2) 

icated by Schaeffler 

iagram overstates the effect. In a study of six welds spanning 0.34 to 1.38 wt% Si, 

Koteck

Kotecki felt that a number of alloy elements have not been considered in the 

ilicon. Elements like tungsten and titanium were not 

onsidered. According to him WRC-1992 does not well address the cooling rate effects. 

1.3. Ferrite Measurement 

 

ume fraction or ferrite 

ercentage. This involves preparing a specimen using standard metallographic 

procedures, selecting a proper magnification, grid and finally counting intersections of 

the ase. The disadvantages associated are: 

 

1) 

According to Lotecki and Siewert138 and Szumachowski and Kotecki the removal 

as due to: 

Mn does not promote the high temper

The effect of Mn is even smaller when the ferrite content is represented in ferrite 

number instead of ferrite percentage. 

 

Kotecki91 found that the coefficient of 1.5 for silicon ind

d

i determined a coefficient of 0.1. It was shown by Takemoto et al. that the effect 

of Si is small below 2 wt %Si, but greater at higher silicon content. 

 

WRC-1992 diagram like s

c

 

1

11.3.1. Point Count 

 

Point counting per ASTM E562 has been the traditional method used to determine 

the ferrite content of duplex and weld metal in terms of vol

p

 grid with the ferrite ph

Destructive 

2) Time consuming 

3) Not accurate 
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Color etching techniques, which usually color the ferrite, are encouraged in 

or magnetically colored sample can 

e examined using an image analyzer which can speed up counting process. 

 

 metal143, 144. 

errite number was found to be highly reproducible. The disadvantage is that it must be 

ence it is not suited for 

easuring ferrite number in the narrow HAZ due to the size of the magnet. 

 

it 

etermines ferrite content in terms of volume percentage. Feritscope® (Figure 3) uses the 

abo n procedure established and documented in 

AN A799-92. The accuracy of Feritscope® is affected by: 

 

f ferrite 

2) Morphology of ferrite145 

3) Distance between the probe pole and surface of specimen 

4) Curvature of test specimen 

 

 

applying the point count method. This color etched 

b

11.3.2. Magne-Gage: Magnetic Adhesion Method 

 

This method utilizes the ferromagnetic property of the ferrite to determine the 

ferrite content.  It expresses the ferrite content in terms of ferrite number rather than 

volume % ferrite. Ferrite number was first developed in US as ANSI/AWS A4.2-74, 

according to Lefebvre143. It was found to overstate the %ferrite in weld

F

used in level surface in order to obtain accurate readings. H

m

11.3.3. Eddy Current Method: Magnetic Induction Method 

 

This is suitable for field use. It relies on low frequency alternating current through 

the field coil, generating an alternating magnetic field that penetrates into the specimen. 

The interaction between the field and specimen induces in the detection coil an 

alternating voltage, proportional to ferrite content in the volume of measurement; hence 

d

ve principles and is used in the calibratio

SI AWS/A4.2-92 and ASTM 

1) Electromagnetic properties o
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Figure 3: Ferrite Measurement with Single-and Two-Pole Probes Feritscope® (After  

     Neumaier P. [145]) 
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11.3.4.

nd 

ore regularly shaped than in the weld metal. Taylor68 suggested a relationship: 

5(EFN) + 10.6 

Ferrite numbers in the range 0-28 are not applicable for this equation. 

 

nite Formation 

structure. The ferrite grain size and orientation together 

with fe

According to Lundin, the Feritscope® when properly calibrated, considering efficiency 

and instrument repeatability and reproducibility is identified as the most practical 

instrument for the determination of ferrite content in duplex156. 

 

 Ferrite Number vs Ferrite Percent 

 

Brantsma and Nijhof concluded that ferrite number was preferable over Ferrite 

percents for determining the ferrite content in the weld metal of duplex. But Kotecki141 

showed that in cast alloys it is the other way as the ferrite grains are much coarser a

m

% Ferrite = 0.5

 

12.  Weld Metal and Weldability 

 

The weld metal microstructure differs from the parent material, as a result of 

variation in chemical composition and its total thermal history. The chemical composition 

of weld metal is very important. 

 

12.1. Solidification and Auste

 

In the weld metal, ferrite solidification involves epitaxial growth from the parent 

material at the fusion boundary146, i.e. the HTHAZ. The initial dendrite growth is 

oriented in relation to the thermal gradient147, and produces a columnar ferritic structure. 

This provides the starting conditions for further solid state transformation and will 

dominate the final weld metal 

rrite content and morphology, influence weld metal properties. 

Austenite precipitation depends on the weld metal composition. It also depends on 

the ferrite grain size and the cooling rate. Slow cooling rate results in more austenite 

formation, while fast cooling rate give less austenite. However, as the nucleation is 
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he range of 30 - 70%. 

2.2. Element Partitioning in Weld Metal 

It is same as for parent material. For low heat input welding the substitutional 

lements (Cr, Ni, Mo etc) is almost equal in both phases whereas the interstitial elements 

reaction are heavily concentrated in the austenite. If higher heat input is 

given, slow cooling rate result and austenite transformation is mainly diffusion controlled 

with su

12.3. O

 which is supersaturated in 

itrogen at lower temperatures. This contains lesser amount of Cr, Mo and N as 

Precipitation of intermetallic phases can occur in weld metal as well as LTHAZ. 

The p

facilitated at grain boundaries, a small ferrite grain size, in principle, favors high austenite 

contents149. In general duplex weld metal has ferrite contents in t

 

1

 

e

controlling the 

bsequent partioning of substitutional elements146. Multipass welding has a similar 

effect on partitioning as slow cooling148. 

 

ther Transformation 

 

The as-deposited, non equilibrium, weld metal structure can be affected by 

additional thermal treatment, such as multipass welding and postweld heat treatment. In 

both cases, secondary austenite can precipitate from the ferrite

n

compared to primary austenite. 

recipitation is mainly in the ferrite/austenite and ferrite/ferrite boundaries. 

Exposures in the temperature range 700-900°C results in a more rapid precipitation in the 

weld metal than in the base metal due to higher alloy content of the ferrite. The phases 

observed are sigma, chi and R although sigma is dominant. At lower temperature of 500-

600°C dominating phases are molybdenum rich R and Π phase. 
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m the weld pool121 known as sparking. As the super duplex have a 

rode wear is less likely for these steels. At 

igher nitrogen level weld metal spitting can take place, which can lead to a crevice on 

the par

nd tend to form liquid films 

hich effectively wet austenite/austenite grain boundaries, thus promoting weld fusion 

ows a Creq/Nieq ratio above 2, 

e solidification mode is highly ferritic and a cracking tendency also exits. A duplex 

soli  1.5 to 2 and it offers best hot cracking 

resi

 

12.

12.4. Porosity 

Too much nitrogen leads to weld metal porosity. But the nitrogen solubility in the 

liquid phase increases as the temperature drops, which ensures that there is no risk of 

pore formation during the liquid state.  

Nitrogen contaminates the tungsten electrode which causes emission of very fine 

weld metal droplets fro

higher solubility limit, sparking and elect

h

ent steel and subsequent localized corrosion in service. 

 

12.5. Solidification Cracking 

 

Varestraint tests show that commercial duplex is less susceptible to weld metal 

cracking than austenitic alloys with primary austenitic solidification. If duplex solidify in 

a primary austenite solidification mode, which occurs when Creq/Nieq ratio is below 1.5, 

severe partitioning of impurities such as S and P will occur a

w

zone solidification cracking. If the weld metal chemistry sh

th

dification mode occurs when the ratio is

stance. 

6. HAZ Liquation Cracking 

 

The susceptibility of duplex to liquation-related HAZ cracking is negligible 

according to Lippold et al.32. He said that the resistance of duplex is attributed to the low 

impurity level of duplex and that ferritic microstructures are generally resistant to grain 

boundary liquation due to the high diffusivity of alloying and impurity elements at 

elevated temperature. 
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of 

tempe

ontamination of weld joint. 

2) Presence of hydrogenous material in electrode coatings or submerged arc flux. 

sorbed from the atmosphere 

 

n cracking tendency. The 

diffusion of hydrogen in austenite is less as compared to that in ferrite. Hence the ferrite 
151 he cooling rate is 

xtremely rapid Cr2N will form in addition to a high ferrite content which is detrimental 

to hydr

high ferrite welds.  A product that has failed 

e Charpy test may be at the option of a producer, be given a full anneal and retested. 

12.7. Hydrogen Assisted Cold Cracking 

 

The rate of hydrogen entry in steel increases as the potential becomes more 

negative, which is the case for cathodically protected components. In addition, lower pH 

solutions have higher hydrogen ion concentrations and so accelerate adsorptions. Once 

hydrogen is in steel, diffusion is activation controlled and it thus a function 

rature. Diffusion of hydrogen through austenite is slower than in ferrite by a factor 

of 104. It diffuses to ferrite austenite boundaries150. These sites act as hydrogen sinks. 

Hydrogen ingress into duplex is slow hence they travel a short distance beneath the 

surface unless exposed to elevated temperatures (>100 ° C). 

 

Hydrogen can be adsorbed into the weld metal by32, 151-155: 

 

1) C

3) Use of hydrogen as shielding gas. 

4) Moisture ab

Presence of ferrite minimizes hot cracking but at the same time it increases the 

cold cracking also called as hydrogen cracking. Ogawa and Miura152 showed that 

increasing Ni and N in the weld metal can reduce hydroge

content would be less. But Shinozaki et al  pointed out that if t

e

ogen cracking resistance.  

High weld metal hydrogen contents can be avoided by baking SMAW electrodes 

at appropriate temperatures but inadequate drying can result in sufficient diffusible 

hydrogen to cause weld metal cracking in 

th
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Class-Ove Pettersson - AB Sandvik Steel Sweden115 tested the weld metal 

propert

Gases on Weld Metal Nitrogen and Ferrite  
         C
 

ng was used. The study confirmed that more nitrogen is lost in TIG 

welding

ulsed Arc Welding with Argon (99.996%) as Shielding Gas 

If this is used then the weldment is free from spatter. Using an inert gas also 

e 

ore safety margin 

 

etal 29Cr-8Ni-2Mo-

0.39N was more stable than the weld metal 25Cr-10Ni-4Mo-0.28N. A lower 

ies of two duplex specimens’ 22Cr-8Ni-3Mo-N and 25Cr-10Ni-4Mo-N. He found 

that MIG/MAG welding gave better mechanical properties. The impact strength was 

higher compared to weld metal from MMA process due to low amount of micro slag 

inclusions. The CPT was at acceptable level. There was no need for adding nitrogen for 

MIG/MAG because of fast feeding rate of filler metal which continuously feeds pumps in 

nitrogen into the weld pool and at the same time keeps it cooler compared to TIG 

process. 

 

12.8. Influence of Shielding 
ontent 

To carry out this test UNS 32750 was used. A backing bar of copper was used and 

MIG/MAG weldi

 than in MIG/MAG. For MIG/MAG more nitrogen enters the weld deposit when 

CO2 is added to shielding gas. This affects the ferrite content.  

 

12.9. P

 

results in an almost oxide free surface. The pulsed arc profile is wider and does not hav

the argon finger that is typical for spray arc welding. This gives m

concerning defects such as lack of fusion.  

12.10.Ferrite Decomposition in the Weld Metal 

 

A Gregori and J.O.Nilsson155 compared the microstructural stability at 

temperature above 700˚C of weld metal of type 29Cr-8Ni-2Mo-0.39N and 25Cr-10Ni-

4Mo-0.28N. Multipass welding was employed using the gas tungsten arc welding 

technique with a shielding gas of Ar+2%N2.  They found that weld m
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molybd

 weld metal are largely influenced by the solidification mode and 

subseq

lation of TTT and CCT diagrams, based 

n the experimental results obtained by the image analysis, assuming that the isothermal 

precipitation of interm

σ phase precipitated essentially, in the broad ferrite arms. It was seen 

σ phase was facilitated by the presence of χ phase. 

etal 

predicted that the solidification begins with the formation of ferritic dendrites and, at 

l erature a peritectic occurs at about 1350˚ tenitic 

m ostructure. Fu belo 000˚C resulted d σ 

phase.  

In the CC nos f the C curve ase 

precipitation is located at 900˚C. 

enum concentration with a higher nitrogen concentration could explain the higher 

stability with respect to the intermetallic phases. The higher nitrogen content could also 

explain the higher stability against the formation of secondary austenite in weld metal 

type 29Cr-8Ni-2Mo-0.39N.  

The properties of

uent cooling of the welding pass as a consequence of the absence of controlled 

recrystallization. 

Gregori and Nilsson performed the calcu

o

etallic phases could be described by the Avrami equation of the 

type: 

   V/Vm(T) = 1-exp(-b(T)tn(T)) 

where 

             V = Volume fraction of intermetallic phase formed at time t and temperature T 

  Vm(T) = Corresponding equilibrium fraction at temperature T 

  b(T), n(T) = Temperature-dependent quantities 

It was seen that σ phase occurred preferentially in the region where ferrite had a 

vermicular appearance with narrow arms. Ferrite influenced the precipitation kinetics.  

No intermetallic phases were observed in weld metals in the as-welded condition. 

Secondary austenite was precipitated in the 25Cr-10Ni-4Mo-0.28N weld metal in the 

ferrite region. In this weld metal the Chi phase (χ) tended to precipitate in the narrow 

ferrite arms, while 

that nucleation of 

Thermo-Calc calculation performed on the 25Cr-10Ni-4Mo-0.28N weld m

ower temp C resulting in a ferritic-aus

icr rther cooling w 1  in the precipitation of Cr2N an

T diagram the e o relative to the intermetallic ph
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III.  Experimental Procedure 
 

 

In order to support the inclusion of ASTM A890-5A material in ASTM A923, 

eleven heats of 5A material in the fo f test bars (Figure 4, 5, 6, 7) were received from 

four SFSA foundries in the foundry solution annealed con

ent for all the materials submitted for testing in accordance with A923 is 

own in Table 5. The material from the eleven heats was tested in accordance with 

STM A923 Methods A, B and C. While no minimum toughness for the charpy impact 

sting or test temperature is given, per Method B, for the 2507 wrought alloy (to be 

agreed upon by purchaser and supplier), a temperature of -50°F was chosen as a 

mperature that may be representative of an industry typical test temperature. The 

rom one heat from 

Foundry D was available for a full scope of heat treatment following the schedule used 

for the testing of the wrought material in the development of the ASTM A923 

specification. 

 

Table 5:  Details of the A890-5A Material Procured     

Foundry Heats Number of 
Bars per Heat 

Solution Annealing by 
Foundry 

rm o

dition. The foundry solution 

annealing treatm

sh

A

te

te

chemistry for the eleven heats is given in Table 6. Sufficient material f

A 331F, 285F,  
144F 

1 Heat to 2200°F, Hold 3 hours, 
Water Quench 

B S1507, S1508 2 Heat to 2050°F, hold 2 hours, 
furnace cool to 1950°F, hold 1 
hour, Water Quench 

C 41544, 41414, 
44073, 41374, 
45633 

1 Heat to 2075°F, cool to 1940°F, 
Hold 1 hour, Water Quench 

D 04J142 10 Heat to 2100°F, Hold 1 hour, 
Water Quench 
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Table 6: Chemical Composition of Test Bars from Various Foundries 
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Figure 4: Duplex Keel Bar from Foundry A 
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Figure 5: Duplex Bar from Foundry B 
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Figure 6: Duplex Bar from Foundry C 
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Figure 7: Duplex Bar from Foundry D 
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r Detecting the Presence of Intermetallic    

    Phases in Super Duplex Stainless Steel Castings  
 

1.1. e

 

 T blocks o of 

Tennesse The va he

blocks from Foundry D were subjected to heat treatm m the same 

heat was ficient at

  The heat tr re derived from the testing of wrought DSS to 

establish  A923 ea  

order to produce a wide range of intermetallic phase precipitation; these heat treatments 

are show n Table  

and then d for o /A 90M-99 (Standard Specification 

for Castings, I ickel-Molybdenum Corrosion-Resistant, Duplex 

(Austeni Ferritic e amples were furnace cooled to 

950°F and then the various heat treatment schedules was followed.  Thermocouples 

were attached to the blocks when heat treated in order to measure the temperature of the 

samples accurately.  

 

1.2.  Testing Methods 

 

1.2.1.Test Method B  

 

his test method required Charpy impact testing at -50°F as a method for the 

detection of intermetallic phases in DSS.  

 

 

1.  The Suitability of ASTM A923 fo

  

  Heat Treatm nts 

he  from Foundry A, B and C were n

rious tests were carri

t heat treated at the University 

m as caste. ed out on t  solution annealed. The 

ent as the material fro

 suf  for conducting the full scope of he

eatment schedules we

 treatment. 

 the  specification [117]. Eight heat tr tment schedules were selected in

n i  7. The material was solution annealed at 2050°F (1120°C) minimum

 hel ne hour according to ASTM A890

ron-Chromium-N

8

tic/ ) for General Application). Thes s

1

T
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Table 7:  Heat Treatment Schedules  
 
 

Heat 
Treatment  

Stage 1  Stage 2  

A Heat Sample to 1950°F, 
Hold 30 min., Water Quench 

 
 

B Heat Sample to 1950°F, Hold 30 
min., Water Quench 

Heat sample to 1550°F, Water 
Quench 

C Heat Sample to 1950°F, Hold 30 
min., Water Quench 

Heat sample to 1550°F, Hold 5 
min., Water Quench 

D Heat Sample to 1950°F, Hold 30 
min., Water Quench 

Heat sample to 1550°F, Hold 10 
min., Water Quench 

E Heat Sample to 1950°F, Hold 30 
min., Water Quench 

Heat sample to 1550°F, Hold 15 
min., Water Quench 

F Heat Sample to 1950°F, Hold 30 
min., Water Quench 

Heat sample to 1550°F, Hold 20 
min., Water Quench 

G Heat Sample to 1950°F, Hold 30  
min., Air Cool 

H Heat Sample to 1950°F, Hold 30 
min., Slow Cool 
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Two to four charpy impact samples were extracted from the material and notched. 

Figure 8 shows a standard charpy specim n. Notch Geometry for a Charpy Impact 

sample according to ASTM A370 is shown in Figure 10. The Charpy impact test 

apparatus is shown in Figure 9. This apparatus is a pendulum type of rigid construction 

that is capable of providing enough impact energy to break a notched sample in one blow.  

The charpy samples were prepared in University of Tennessee and were sent to 

AMC-Vulcan, Inc. in Alabama where they were notched and tested as follows per ASTM 

A923. The samples were placed in an alcohol bath cooled with liquid nitrogen to 

maintain a temperature of –50°F for a sufficient time to normalize the bars at 

temperature. Self-centering tongs were then used to remove the samples from the liquid 

alcohol bath. The samples were placed in the proper orientation in the Charpy impact test 

apparatus and the pendulum was then released. (This step must take no longer than 5 

seconds to perform due to the low temperature that is being used). After impact the 

broken specimen were placed in a room temperature acetone bath.  

If a test specimen shows a value below the specified minimum, one retest of two 

specimens is permitted. For acceptance both retest specimen show a value at or above the 

specified minimum value. 

 

1.2.2.Test Method A  

After the data pack C Vulcan Inc. one 

half of a fractured Charpy sample from each block was tested as per Method A (sodium 

hydroxide etch test). The  

ounted samples using 120-grit followed by 320, 400, 600, 800 and then 

e

age and the samples were retrieved from AM

sodium hydroxide etch test may be used for the acceptance of

material but not for rejection. This test method may be used with other evaluation tests to 

provide a rapid method for identifying those specimens that are free of detrimental 

intermetallic phases as measured in these tests.  

All the samples were prepared by mounting them using epoxy resin and hardener 

in a ratio of 1:5. On all samples, cross-sectional surfaces were prepared to a 

metallographic finish suitable for examination at 400x after etching. This was achieved 

by grinding the m
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Figure 8: Standard Charpy Bar 
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Figure 9:  Charpy Impact Testing Machine 

 
Figure 10:  Charpy Impact Notch Geometry 
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olishing them using nylon cloth with Elgin Dymo of grade #6 followed by micro cloth 

using alumina powder of 0.05 microns. The etching solution was prepared by adding 40 g 

reagent grade sodium hydroxide (NaOH) to 100 g of distilled water. Samples were then 

electrolytically etched at 3 V dc for 15 seconds. Following etching, the specimens were 

rinsed thoroughly in hot water or in acetone, followed by air drying. The etched surfaces 

were examined at 400x using Optical Microscope and classified according to          

ASTM A923. 

The cast material classification can be determined from the wrought material 

photomicrographs supplied in ASTM A923, with the exception of the centerline structure 

classification, w Figures 11-14. 

aterial showing other than an unaffected structure must 

e Charpy impact tested per Method B. The following was used to define/classify each 

icrostructure:  

1) Unaffected Structure (Figure 11) – The sample has been etched and the 

microstructure is without the revelation of any intermetallic phase. The austenite-

ferrite boundaries are smooth.  

2) Possibly Affected Structure (Figure 12) – The sample has been etched and  

isolated indications of possible intermetallic phase are noted. The austenite-ferrite  

  boundaries show a fine waviness.  

3) Affected Structure (Figure 13) – The indication of an intermetallic phase is 

readily revealed upon etching.  

4) Centerline Structure (Figure 14) – The intermetallic phase is observed as a 

continuous or semi-continuous phase in the mid-thickness region of the sample, 

with or without the affected structure outside of the mid-thickness region, 

indicative of segregation. This structure is only applicable to wrought materials.  

 

1.2.3.Test Method C  
 

This test method is a ferric chloride corrosion test for detecting the presence of 

intermetallic phases in Duplex Stainless Steels. The presence or absence of corrosive 

attack in this test is not necessarily a measure of the performance of the material in other  

p

hich will only be applicable to wrought material, see 

ASTM A923 requires that any m

b

m
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Figure 11: Unaffected Structure of ASTM A923 
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Figure 12: Possibly Affected Structure of ASTM A923 
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Figure 13: Affected Structure of ASTM A923 
 
 
 

 
 
 

Figure 14: Centerline Structure of ASTM A923 



 
 
 
cor ticular, it does not provide a basis for predicting resistance 

to f rms of corrosion not associated with the precipitation of intermetallic phases. One 

half f a fr

the 

spe

labe

Exp

solu loride FeCl3-6H2O dissolved in 900 ml of 

distilled water (6% FeCl3 by weight) was used. The solution was filtered through filter 

paper to remove insoluble pa lution was adjusted to 

approximately 1.3 prior to beginning the test y the addition of HCl or NaOH, as 

req , glass beaker. 

The beaker

40° bath temperature the 

samples w

per

spe

wat

products, dipped in acetone, and then dried in air. Specimens were then re-weighed to 

0.00001 g. The acceptance criterion for this test is that no specimen shall show a weight 

loss  by:  

 

sion rate = weight loss (mg)/[spec
2
) x time (days)]  

 

The corrosion rate was calculated in acc  with the weight loss and total 

surface area. Unless otherwise specified, the calc orrosion rate shall not exceed 10 

mdd. If the specimen shows a corrosion rate in excess of 10 mdd, one retest on two 

specimens is permitted. No retest specimen shall rrosion rate in excess of 10 

mdd. 

 

rosive environments; in par

o

 o actured Charpy bar was used for this test. The bar was prepared by removing 

fracture surface and grinding all surfaces to a 240-grit finish. Sharp edges of the 

cimen were rounded and care was taken to remove all burrs. Each specimen was 

led on the end by vibra-peening. Specimen weight was recorded to the 0.00001 g. 

osed surface area on the specimen was calculated after measuring each face. A test 

tion of 100 g reagent grade ferric ch

rticles. The pH of the test so

 b

uired. The test solution was then transferred to a 1000 ml, wide neck

 was placed in a water bath as shown in Figure 15. Bath temperature was set at 

C (107°F). After the test solution temperature reached the 

ere placed in glass cradles and lowered into the solution. This test was 

formed at temperature for 24 hours. At the end of the 24 hour test period, the 

cimens were removed from the solution. These specimens were then rinsed with 

er, scrubbed with a soft bristle brush under running water to remove corrosive 

 of more than 10 milligrams/decimeter/day (10 mdd), as calculated

Corro imen area (dm

ordance

ulated c

 exhibit a co
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Figure 15:  Temperature Controlled Water Bath 

 

 

 

 

 

 

 

 

 



 
 
 
2.  Ferrite Measurement 

 

 Feritscope® was used to measure the ferrite content in all the Charpy samples. 

After the Charpy bars were machined, before sending those outside for conducting the 

impact toughness test ferrite content was measured. The Feritscope® uses the principle of 

magnetic induction method as presented in the literature review above. The Feritescope 

will measure the ferrite number from which we can calculate the volume % of ferrite 

from the formula suggested by Taylor68

 

% Ferrite = 0.55(EFN) + 10.6 

 

Ferrite numbers in the range 0-28 are not applicable for this equation.  

Five read an of those five 

readings provided the ferrite number in that particular sample.  

ASTM E562 Manual Point Count m thod was also used to measure the volume 

percentage of ferrite in order to compare the results with the results from the Feritscope®. 

Table 8 lists the heats used for this test. Each of these samples was prepared on the 

measurement face by polishing and etching. Figure 16 – 20 shows the microstructure of 

each sample used in this study. 

 

Table 8: Heats for conducting ASTM E562 Manual Point Count  

 

Foundry Heats 

ing were taken from each Charpy sample and the me

e

A 144 

B S1508 

C 45633 

04J142  D 

04J142 - D 
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Figure 16: Microstructure of 144, NaOH, SA, 100x 
 
 
 

 
 

Figure 17: Microstructure of S1508, NaOH, SA, 100x 
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Figure 18: Microstructure of 45633, NaOH, SA, 100x 
 
 

 
 

Figure 19: Microstructure of 04J142, NaOH, SA, 100x 
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Figure 20: Microstructure of 04J142 – D, NaOH, 100x 
 
 

 Using the ASTM E562 a grid size, PT was selected. The grid was then 

superimposed on the micrograph. The area to be counted was selected. The number of 

points, Pi falling within the ferrite was counted. The volume percentage of ferrite was 

calculated using the following equatio

T = To  grid 

i = Point count on the i

P(i) = P th field 

n = num

= 1/n ∑ PP (i) = Arithmetic average of PP (i) 

95% CI = ± ts/√n = 95 % con

t = Multiplier related to the number of fields examined and used in conjunction with the 

standard deviation n of the measurements to determine the 95% CI, see (Table 1 of 

ASTM E562). 

ns: 

 

P tal number of points in the test

P th field 

P i / PT * 100 = Percentage of grid points in the ferrite on the i

ber of fields counted 

PP 

s = [1/(n-1) ∑ [PP (i) – PP]2]1/2 = Estimate of standard deviation (σ) 

fidence interval 
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VV = PP e fraction of ferrite as a percentage  

% RA = (95% CI / PP) = % Relative accuracy, a measure of statistical precision 

 

3.  Hardness Testing 

 

The hardness values were measured on one half of a charpy sample taken from 

each block. Rockwell B and C values were used according to ASTM E92.  

The sample on which hardness testing was carried out were ground to 600 grit 

finish in order to make the sample surface even and smooth so that there was no error in 

the reading. Hardness testing was not carried out on mounted samples because the 

indenter (ball bearing or diamond tip) pushed the sample into the mount while measuring 

giving us an incorrect reading. 

 

4.  Microstructural Analysis 

 

After carrying out the above tests, Scanning Electron Microscopy was carried out 

using the Leo on all the mounted samples on which the test method A (Etch Test) was 

previously carried out. SEM was required in order to determine the presence of 

detrimental phases (higher magnification and resolution). Back scattered imaging gave a 

clear indication of various phases present in the sample. At a higher magnification it was 

easier to determine the type of secondary phase that was present by examining the 

microstructure. 

The SEM which was used for this program is Leo 1525 manufactured by Leo, 

UK. The Leo 1525® workstation utilizes Gemini field emission column. The imaging was 

done by back scatter detector and secondary electron detector (SE2).  The backscatter 

imaging was used for identifying the presence of different phases in the microstructure. 

SEM was also carried out on all the fracture surfaces in order to determine the presence 

of any cracks on the fracture surface as well as to determine whether it is brittle or ductile 

fracture. SEM was carried out on all the corrosion samples also, before and after they had 

undergone the test method C (Ferric Chloride Corrosion Test) in order to see the 

 ± 95% CI = Volum
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differen

pically 500X or 1000X 

Scannin

 provided. After placing the glass 

hamber on top, the coating process begins. The air pressure is 2 psi, and the current 

assing through the plasma is 20 mA and time required to coat sufficient amount of gold 

 on the order 10 seconds. Typically coating thickness depends on cleanliness of 

uttering system. The thickness of gold coating is calculated using the following 

formula: 

d = K*i*V*t 

where  

 

 a system and equals 0.17 

 a current 

 

 e in seconds 

  

Thus for our application, the gold coating thickness can be calculated: 

d = 0.17*20*10*1 = 34 A/ kV 

ce in the surface. For these purposes SE2 detector was used. Following 

parameters were used while imaging:  

 

Working distance = 15-20 mm 

Applied voltage = 20 kV 

Detector = SE2 and Backscatter  

Magnification = Ty

g speed = 4 

 

For carrying out SEM (Figure 21) the samples were gold coated. SPI sputter 

coater was used for this purpose. This coater has six specimen mounts. The specimen 

mounts are secured to the holder by the set screws

c

p

is

sp

d = thickness of gold coating, 

K = constant for argon plasm

i = plasm

V = applied voltage 

t = tim
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Figu

 

 

re 21:  Leo 1525 Manufactured by Leo, UK 
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opy was carried out on the material that was acquired 

om Foundry D in order to determine the variation in the amount of the chemical 

emCon 32; which opens the port 

 Link ISIS; the EDS software. The software also lets the user select the elements he 

ple. For carrying out EDS the working distance should 

. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Energy Dispersive Spectrosc

fr

composition of various elements when the material is subjected to different heat 

treatment schedule. The EDS system is activated using R

to

thinks could be present in the sam

be less than 8mm

X-Ray Diffraction analysis was carried out using Philips X’pert. 

Prodiffractometer (Figure 22) at 45KV and 40mA. Diffraction patterns were acquired 

from the samples in a step mode with 0.05 degree step (2θ) and 2 seconds per point over 

diffraction angle (2θ) from 15 to 120 degrees. These patterns were used to find out the 

percentage of different phases present in the sample.  
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Figure 22:  Ph diffractometer 

 

 

 

 

 

 

 

 

 

 

 

ilips X’pert. Pro
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V.  Results and Discussions 

 

1.  The Suitability of ASTM A923 for Detecting the Presence of Intermetallic Phases  

     in Super Duplex Stainless Steel Casting A890-5A 

 

1.1  Test Method A 

 

The following tables (Table 9 and 10) show the classification of etch structures 

from Method A based on ASTM A923. Figure 23 – 41 shows the microstructure of the 

etch structures at 400x taken under the Optical Light Microscope. All the microstructures 

are labeled with their foundry heat ID followed by the etchant, SA (if foundry solution 

annealed) and magnification. 

 

Table 9: Classification of Etch Structure for Foundry Solution Annealed Materials from   
                Foundry A, B, C and D      
                

Foundry Specimen ID Foundry Solution 
Annealed  

Classification of 
Etch Surface 

I

331 Unaffected Structure 
185 Unaffected Structure 

A 

285 

Heat to 2200°F, Hold 3 
hours, Water Quench 

Unaffected Structure 
S1507 Unaffected Structure B 
S1508 

Heat to 2050°F, hold 2 
hours, furnace cool to 
1950°F, hold 1 hour, 
Water Quench 

Unaffected 
Structure 

41414 Unaffected Structure 
41544 Unaffected Structure 
44073 Unaffected Structure 
41374 Unaffected Structure 

C 

45633 

Heat to 2075°F, cool to 
1940°F, Hold 1 hour, 
Water Quench 

Unaffected Structure 
D 04J142  Heat to 2100°F, Hold 1 

hour, Water Quench 
Unaffected Structure 
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Table 10: Classification of Etch Structure for Materials Heat Treated as shown from  
                 Foundry D  
 
Foundry Specimen 

ID 
Heat Treatment  Classification of 

Etch Surface 
04J142 - A A  

Heat to 1950°F, Hold 
30 min., Water Quench 

Unaffected 
Structure 

04J142 - B B  
Heat to 1950°F, Hold 
30 min., Water 
Quench, Heat to 
1550°F, Water Quench  

Affected Structure 

04J142 - C C  
Heat to 1950°F, Hold 
30 min., Water 
Quench, Heat to 
1550°F, Hold 5 min., 
Water Quench  

Affected Structure 

04J142 - D D  Affec
Heat to 1950°F, Hold 
30 m n., Water 
Quench, Heat to 
1550°F, Hold 10 min., 
Water Quench  

ted Structure 

i

04J142 - E E  
Heat to 1950°F, Hold 
30 min., Water 
Quench, Heat to 
1550°F, Hold 15 min., 
Water Quench  

Affected Structure 

04J142 - F F  
Heat to 1950°F, Hold 
30 min., Water 
Quench, Heat to 
1550°F, Hold 20 min., 
Water Quench  

Affected Structure 

04J142 - G G  
Heat to 1950°F, Hold 
30 min., Air Cool  

Affected Structure 

D 

04J142 - H H  

30 m n., Slow Cool  

Affected Structure 
Heat to 1950°F, Hold 

i
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Figure 23: Microstructure of 144, NaOH, SA, 400x 
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Figure 24: Microstructure of 285, NaOH, SA, 400x 
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Figure 25: Microstructure of 331, NaOH, SA, 400x 
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Figure 26: Microstructure of S1507, NaOH, SA, 400x 
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Figure 27: Microstructure of S1508, NaOH, SA, 400x 
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Figure 28: Microstructure of 41374, NaOH, SA, 400x 
 

 94



 
 
 

 
 

 
 

Figure 29: Microstructure of 41414, NaOH, SA, 400x 

 

 
 

 
 

Figure 30: Microstructure of 41544, NaOH, SA, 400x 
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Figure 31: Microstructure of 44073, NaOH, SA, 400x 

 
 

 

 
 

Figure 32: Microstructure of 45633, NaOH, SA,400x 
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Figure 33: Microstructure of 04J142, NaOH, SA, 400x 
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Figure 34: Microstructure of 04J142 – A, NaOH, 400x 
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Figure 35: Microstructure of 04J142 – B, NaOH, 400x 
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Figure 36: Microstructure of 04J142 – C, NaOH, 400x 
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Figure 37: Microstructure of 04J142 – D, NaOH, 400x 
 
 
 

 
 

Figure 38: Microstructure of 04J142 – E, NaOH, 400x 
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Figure 39: Microstructure of 04J142 – F, NaOH, 400x 

 
 
 

 
 

Figure 40: Microstructure of 04J142 – G, NaOH, 400x 
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Figure 41: Microstructure of 04J142 – H, NaOH, 400x 
 

In the case of Foundry D materials which were subjected to the full course of heat 

treatment schedule it was possible to compare the microstructure of solution annealed 

sample as received from the foundry with the microstructure of the samples which were 

subjected to different heat treatments. The as received solution annealed sample had an 

acicular structure161. After subjecting to different heat treatments the samples were 

ndered in an equiaxed structure as it can be observed from the microstructures. 

ples that were 

mitted by Foun . 

ure 42 is a graph t values for each lot. 

Table 12 shows the Charpy Impact Energy of the samples that were made from 

mate

t treatment schedule for wrought material 

used in the initial development of A923. 

     σ 

      γ 

       
 δ

re

 

1.2 Test Method B 

 

Table 11 shows the -50°F Charpy Impact Toughness of all sam

sub dry A, B, C and D. All materials were foundry solution annealed

Fig ical presentation of the average impac

 

rial sent by Foundry D. Figure 43 is a graphical presentation of the average impact 

value for the Foundry D heat following the hea



 
 
 

aterial 

Specimen ID s 

Table 11: Charpy Impact Toughness at -50°F for Foundry Solution Annealed M

 

Foundry Impact Ft-Lb
   
A 285 65.5 
 285 76.5 
  285 81.5 
  285 75.5 
  331 72 
  331 61.5 
  331 79 
  331 77 
  144 92 
  144 135 
  144 100 
  144 91.5 
      
B S1507 94.5 
  S1507 63 
  S1507 78 
  S1507 78.5 
  S1508 65.5 
  S1508 64 
  S1508 78.5 
  S1508 63 
   
C 45633 99 
  45633 136.5 
  45633 146 
  45633 129 
  41414 123.5 
  41414 113 
  41414 138.5 
  41374 134.5 
  41374 142 
  41374 131 
  41374 113 
  41544 145 
  41544 135 
  41544 144.5 
  41544 146.5 
  44073 148 
  44073 155.5 
  44073 149 
  44073 157.5 
   
D 04J142  69.5 
 04J142  72 
 04J142  75.5 
 04J142  70 
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Solution Annealing by Foundry 
 
Foundry Solution Annealing by Foun y dr
A Heat to 2200°F, Hold 3 hours ater Quench , W
B Heat to 2050°F, hold 2 hours, rnace cool to 1950°F, hold 1 hour, Water Quench fu
C Heat to 2075°F, cool to 1940°F, Hold 1 hour, Water Quench 
D Heat to 2100°F, Hold 1 hour, ater Quench W
 
 

Figure 42: Charpy Impact Toughness of Foundry Solution Annealed Per A923 Test  
                          Method B at -50°F 
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pact Toughness at -50°F for Heat Treated Materials from 
                 Foundry   D  
 

Table 12: Charpy Im

Heat Treatment Schedule Absorbed Energy (ft-lbs) 
A  

Heat to 1950°F, Hold 30 min., Water 
Quench  

90 
71 

B  
Heat to 1950°F, Hold 30 min., Water 
Quench, Heat to 1550°F, Water Quench  

2.5 
2 

C  1.5 
H
Quench, Heat to 1550°F

eat to 1950°F, Hold 30 min., Water 
, Hold 5 min., 

1 

Water Quench  
D  

eat to 1950°F, Hold 30 min., Water 
eat H in., 

ench

8 
7.5 H

Quench, H
Water Qu

 to 1550°F, 
  

old 10 m

E  
at to 1950° ld 30 m

, Hold 15 min., 
Water Quench

He
Quench, Heat to 1550°F

F, Ho in., Water 

  

2 
1.5 
 

F  
Heat to 1950°F, Hold 30 m  

, Hold 20 min., 
ter Quench

in., Water
Quench, Heat to 1550°F
Wa   

1.5 
1.5 

G  
Heat to 1950°  30 m oolF, Hold in., Air C   9 

11 

9.5 
10 

H  
Heat to 1950° 0 m Coo

2.5 

F, Hold 3 in., Slow l  2 
2.5 

2.5 
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Heat Treatment Schedule 
 
A - Heat to 1950°F, hold 30 minutes, WQ 
B - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, WQ 
C - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 5 minutes, WQ 
D - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 10 minutes, WQ 
E - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 15 minutes, WQ 
F - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 20 minutes, WQ 
G - Heat to 1950°F, hold 30 minutes, Air Cool 
H - Heat to 1950°F, hold 30 minutes, Slow Cool 

Figure 43: Charpy Impact Tough
              Treatment shown (As Per Background data for A923 wrought m
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 Table 13 summarizes t lts fro orros t on rials p

m Foundry d D e  d  an d.  

Figure 44 sho ical corr  of 

 Table he s f a as by 

Foundry D an  to eat u u l i 3. 

Figure 45 sho ical he c te a  sc e. 

 

able 13:  Corrosion Rates for Foundry Solution Annealed Materials from Foundry A,    
                B, C and D 

Foundry Specimen 
ID 

Area of 
the 
Specimen 

Weight of 
the 
Specimen 

Weight 
after 
Testing 

Corrosion 
Rates 

Corrosion 
Results 

1.3  Test Method C 

 

he resu

 th

m the c

ls

ion tes the mate rocured 

fro  A, B, C an . All of se materia were foun ry solution neale

ws the graph  view of osion rate various heats. 

14 shows t corrosion te t results o the materi l which w sent 

d subjected the heat tr ment sched le for wro ght materia n A92

ws the graph  view of t orrosion ra  and the he t treatment hedul

T
  
 

331 195.312 15.85025 15.84881 0.073728 
 

Pass 

144 185.546 14.95525 14.95519 0.003234 Pass 

A 

285 224.515 17.99977 17.99811 0.073937 Pass 
S1507 204.984 15.26527 15.26455 0.035125 Pass B 
S1508 195.218 15.54399 15.54348 0.026125 Pass 
41414 185.546 14.70874 14.70714 0.086232 Pass 
41544 195.593 16.12668 16.12647 0.010737 Pass 
44073 185.734 15.41645 15.41623 0.011845 Pass 
41374 195.312 15.65445 15.65424 0.010752 Pass 

C 

45633 214.937 17.55149 17.54949 0.093051 Pass 
D 04J142 175.874 14.53285 14.53261 0.013646 Pass 
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Solution Annealing by Foundry 
 
Foundry Solution Annealing by Foundry 

 

A Heat to 2200°F, Hold 3 hours, Water Quench 
B Heat to 2050°F, hold 2 hours, furnace cool to 1950°F, hold 1 hour, Water Quench 
C Heat to 2075°F, cool to 1940°F, Hold 1 hour, Water Quench 
D Heat to 2100°F, Hold 1 hour, Water Quench 

 
 
 
Figure 44: Corrosion Rate of Foundry Solution Annealed material from Foundry A, B, C  
                   and D (Acceptance Criteria – Weight loss ≤ 10 milligrams/decimeter/day    
                   (10 mdd)) 
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Specimen Area  Weight  Weight Corrosion Corrosion 

Table 14: Corrosion Rates for Heat Treated Materials from Foundry D 
 
Foundry 

 ID of the 
Specimen 

of the 
Specimen 

after 
Testing 

Rates Results 

04J142 - A 185.359 14.81757 14.81754 0.001618 Pass 
04J142 - B 166.11 13.8771 13.42999 26.9165 Fail 
04J142 - C 156.156 12.65836 12.23875 26.87121 Fail 
04J142 - D 175.781 14.27541 14.20991 3.726228 Pass 
04J142 - E 175.875 14.75958 14.54034 12.46567 Fail 
04J142 - F 175.781 14.63388 14.21803 23.65728 Fail 
04J142 - G 175.875 14.5804 14.54974 1.743284 Pass 

D 

04J142 - H 195.594 16.55008 15.11975 73.1275 Fail 
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Heat Treatment Schedule 
 
A - Heat to 1950°F, hold 30 minutes, WQ 
B - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, WQ 
C - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 5 minutes, WQ 
D - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 10 minutes, WQ 
E - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 15 minutes, WQ 
F - Heat to 1950°F, hold 30 minutes, WQ, heat to 1550°F, hold 20 minutes, WQ 
G - Heat to 1950°F, hold 30 minutes, Air Cool 
H - Heat to 1950°F, hold 30 minutes, Slow Cool

0
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A B C D E F G

Heat Treatment Schedule

* Heat Treatment “A” sample showed corrosion rate equivalent to zero (≈0) 
 

Figure 45: Corrosion Rate of material from Foundry D (Acceptance Criteria – Weight 
                      loss ≤ 10 milligrams/decimeter/day (10 mdd)) 
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 samples that were tested. There were two 

nnealed at The 

2.  Evaluation and Correlation between the Test Methods of A923 

 
 All the materials from Foundry A, B, C and D were subjected to the test methods 

of A923. Test Method A was the Sodium Hydroxide Etch Test (visual identification of 

intermetallic phases). One half of fractured charpy sample was used to carry out the 

Sodium Hydroxide Etch Test. Solution Annealed samples from Foundry A, B, C and D 

was considered as unaffected structures. The heat treatment “A” sample from Foundry D 

(solution annealed in The University of Tennessee) also revealed an unaffected structure. 

The samples which underwent heat treatment schedules “B”, “C”, “D”, “E”, “F”, “G” and 

“H” were all identified as affected structures. Heat Treatments “B” to “F” were subjected 

to two stages of heat treatment which is Heat to 1950 ºF, hold for 30 minutes and water 

quench followed by heat to 1550ºF, hold for different time periods before water 

quenching them. Heat Treatment “G” is the air cool sample which is heated to 1950 ºF, 

held for 30 minutes and then air cooled. Heat treatment “H” is the slow cool sample 

which is heated to 1950 ºF, held for 30 minutes and then furnace cooled. 

 From the Charpy Impact Test (Test Method B) it was found that foundry solution 

annealed samples from Foundries A, B, C and D had toughness as greater than 60ft-lbs 

(Figure 42). The material from Foundry C had the highest toughness. The Charpy impact 

energy was greater than 100ft-lbs for all the

heats from Foundry B. Heat S1507 had porosity in the charpy samples that were 

machined but had a higher impact value than the other heat S1508. This may be because 

the porosity was not in the notched region of the sample. Out of the three materials from 

Foundry A, heat 144 had a comparatively greater toughness than the other heats 331 and 

285. The heat treatment “A” sample from Foundry D (solution a

University of Tennessee) also showed a toughness value greater than 60ft-lbs. 

 The samples from Foundry D were subjected to the full scope of heat treatment. 

After heat treatment the Charpy Impact Test was carried out. From Figure 43 it can be 

observed that the toughness dropped from 60ft-lbs to 1-10ft-lbs when the second stage of 

heat treatment was carried out (Heat to 1550ºF and hold for different time periods before 

 109



 
 
 

 sample (heat 

eatme

    

ples to reach this temperature after they 

ere water quenched from 1950°F. It may be concluded that the intermetallic phases 

ere precipitated during the heating stage (to 1550°F). There was an increase in the 

water quenching). Air cooled and slow cooled samples also showed a similar drop in 

toughness. 

 The Ferric Chloride Corrosion Test (Test Method C) was carried out on these 

fractured Charpy samples. It was seen that the foundry solution annealed samples from 

Foundry A, B, C and D passed. All these samples passed the acceptance criteria of weight 

loss ≤ 10 mdd by a wide margin (Figure 44). The heat treatment “A” sample from 

Foundry D (solution annealed at The University of Tennessee) also passed by a similar 

margin. The heat treatment “D” and “G” samples also passed. All the samples which 

underwent other heat treatment schedules failed the corrosion test (Figure 45).  

From the results of the three test methods can be derived a correlation between the 

results. Also one can predict the best method which could be used to detect the presence 

of detrimental intermetallic phases. Test Method A can be used to visually detect the 

presence of an affected structure but cannot identify the type of intermetallic phases 

present. It was possible to visually deduce whether a sample is affected with a greater 

percentage of intermetallic phases when compared with another sample. The estimated 

percentage of intermetallic phases present in air cooled (Figure 40)

tr nt “G” sample from Foundry D) was less when compared with slow cooled 

(Figure 41) sample (heat treatment “H” sample from Foundry D). It was visually 

confirmed that heat treatment “D” sample (Figure 37) had a lesser percentage of 

intermetallic phase when compared to heat treatment “B”, “C”, “E” and “F” samples 

(Figure 35-36, 38-39) which had similar percentage of intermetallic phase.  

The Charpy Impact Test indicated that all the solution annealed materials  

(Figure 42) have high toughness. There was no precipitation of detrimental intermetallic 

phases. In these foundry solution annealed samples Figure 43 indicates that the second 

stage of the heat treatment process (heat treatment “B”, “C”, “D”, “E” and “F”) 

precipitated intermetallic phases and reduced the impact toughness considerably. During 

the second stage of heat treatment when the samples are heated to 1550°F, the heating 

process takes approximately an hour for the sam

w

w

 110



 
 
 

t “D” sample as compared to the toughness of heat treatment 

B” and “C” samples. The reason for this observation is unknown at this time.  

s but the subsequent heat 

eatme

ooled respectively also precipitated intermetallic phases.  The air 

ooled sample contained lesser amount of intermetallic phases as compared to slow cool 

bs). This indicates that precipitation of 

all amount of intermetallic phase reduce the toughness considerably (1-10ft-lbs). Air 

d slow coo  interm w  is 

ted to the same temperature and wat enched no in allic phases are 

precipitated which indicates that solution treatment (1950°F) dissolves all the 

ermetallic phases which have been precipitate  during heating s is true only for 

t stage of heat treat hich is heat trea  “A” (Heating to 1950°F followed by 

water quenching). It c oncluded that h eatment “A”, i etallic phases did 

not precipitate when ples were wat nched, howev rmetallic phases 

developed in the air to slow cooled samples. 

The sample fro D which u nt heat treatm chedule “D” had 

low toughness from Impact Te st Method B also an affected 

structure in the Sodium  Etch Test  Method A) bu passed the Ferric 

Chloride Corrosion Te hod C). T monstrates the ss of Test 

Method C in detecting  of detrimental intermetallic phases.  

 The sample fro  which u went heat treatm

ic Chloride Corrosion Test though it revealed an affected structure and 

But the amount of intermetallic phase which was determined from the 

as less when compared to samples which had undergone other heat 

ules. In previous work A890-4A grade samples which had undergone heat 

treatment schedule “G” did not reveal the presence of intermetallic phase though they had 

toughness of heat treatmen

“

 There were no intermetallic phases for the samples from heat treatment schedule 

“A” (solution annealed at the University of Tennessee). This demonstrates that solution 

annealed samples do not contain any intermetallic phase

tr nt schedules result in the precipitation of intermetallic phases as noted in Table 4. 

The heat treatment “G” and “H” samples which were heated to 1950°F and then air 

cooled and slow c

c

sample though both had low toughness (1-10ft-l

sm

cooling an ling precipitates etallic phases but hen similar material

hea er qu termet

int d . Thi

firs ment w tment

an be c eat tr nterm

the sam er que er inte

  m Foundry nderwe ent s

the Charpy st (Te ) and 

 Hydroxide  (Test t still 

st (Test Met his de  ineffectivene

 the presence

m Foundry D nder ent schedule “G” also 

passed the Ferr

low toughness. 

OLM image w

treatment sched
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milar

thod A 

 to compare and detect the presence of 

etrimental intermetallic phase.  The micrographs can be used to verify whether the 

o 

rade is more sensitive to heat 

eatment. The A890-4A grade when subjected to Charpy Impact Test showed a gradual 

ollowed (Heat to 1550ºF and 

old for different time periods before water quenching). Qualitatively a greater amount of 

terme

si  toughness162. From this it may be concluded that air cooling is not rapid enough to 

prevent the precipitation of intermetallic phases in A890-5A material. 

 From the results it can be concluded that Charpy Impact Test (Test Method B) is 

the best method out of the three to indicate the presence of detrimental intermetallic 

phase. From the toughness it is possible to predict the Sodium Hydroxide Etch Test (Test 

Method A) and Ferric Chloride Corrosion Test (Test Method C) results. The trend which 

was observed was that if the toughness is greater than 60ft-lbs then the samples had an 

unaffected structure and a high corrosion resistance (passed the acceptance criteria of 

weight loss ≤ 10 mdd by a wide margin). If the toughness was below 15ft-lbs then the 

samples revealed an affected structure and low corrosion resistance (weight loss ≥ 10 

mdd). There was a 1:1 correlation between Test Method A and B. Though Test Me

is a direct method of detecting the presence of intermetallic phases, it cannot be 

confirmed whether the intermetallic phases present are detrimental or not. The lowering 

of toughness from Test Method B confirms whether the intermetallic phase present is 

detrimental. However, the toughness value of the material may also decrease if the 

percentage of ferrite is high. But this can be determined using Feritscope. 

 It can be concluded that the micrographs from A890-4A grade included in ASTM 

A923 are applicable for A890-5A grade

d

A890-5A sample has an unaffected, affected or a possibly affected structure. It was als

observed that when compared to A890-4A grade A890-5A g

tr

decrease in toughness with increasing hold time at 1550ºF. But the A890-5A grade 

material showed a significant drop in toughness from heat treatment schedule “A” to “B” 

when the second stage of the heat treatment process was f

h

in tallic phase is precipitated in the A890-5A material when compared to A890-4A 

grade for the same heat treatment schedule.  
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.  Ferrite Measurement 

Feritscope® was used to measure the ferrite content in all the Charpy samples 

before carrying out toughness tests.  Table 15 shows the average of volume ferrite in 

percentage in every heat calculated from the ferrite number. 

 From the above data it was seen that all the foundry solution annealed heats from 

Foundry A, B and C which had high toughness showed volume percentage of ferrite to be 

approximately 50.  

 

Table 15: Ferrite Content in Volume Percentage 

 

Foundry Specimen ID Ferrite Number Volume % Ferrite 

3

 

 

285 66.2 46.9 
144 53.7 40.2 

A 

331 61.3 42.3 
S1507 84 56.8 B 
S1508 65.1 46.4 
45633 75.3 52.1 
41414 71.1 49.7 
41374 74.3 51.5 
41544 73.8 51.2 

C 

44073 64.7 46.2 
04J142  100.6 65.9 
04J142 - A 95.5 63.1 
04J142 - B 59.2 43.2 
04J142 - C 39.1 32.1 
04J142 - D 80.4 54.8 
04J142 - E 41.6 33.5 
04J142 - F 35.9 30.3 
04J142 - G 79.7 54.5 

D 

04J142 - H 3.8 12.7 
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gnificant 

n t en e en edules. ndr ion an

 hea me ” s  t r enn  

showed ferrite content of approximately 65%, higher than the foundr lution an

ples from oth r fou dries ev n though ilar toughness. The samples 

which underwent heat treatment “B”, “D” and “G” showed an approximate volume 

percent of ferrite of 50 though they had low toughness. Heat treatment “B”, “D” and “G” 

samples ntained i etallic phases. The other heat treatment samples had low ferrite 

content especially heat treatment “H” sample which showed the volume percent of ferrite 

to be approximately 12.7%. This was evident from the affected mi

on of ferrite was converted into intermetallic phases.  

 Though there were few exceptions it could be concluded that with increasing 

presence f intermetallic phases in the microstructure the volume percentage of ferrite 

content reduced a st of the ferrite is converted into intermetallic phases. Since heat 

treatment “B” sam e hibited errite of approximately 50% but had low toughness 

 M od B) an e Sodium Hydroxide Etch Test (Test Method A) and Ferric 

Chloride Corrosion Test (Test Method C) ferrite percent is not a good indicator of the 

absence of detrimental intermetallic phases. 

 

4.  ASTM E562 Ferrite Measurement – Standard Test Method for Determining     

lu e Fractio  ystemat  Manual oint Count

 

 Ferrite measurem as  carrie ut using al p count m od 

stated in ASTM E562. Table 16 shows the average volume ferrite in percentage 

calculated using point count method and also Feritscope®. 

 Figure 46 shows a comparison between the volume ercentage of ferrite measured 

using the Feritscope® and ASTM 2 Manu oint Cou d. 
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Figure 46: Comparison of Volume Percentage of Ferrite from the Feritscope® and per   
                   ASTM E562 Manual Point Count 
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ual Point Count 

ample Number 
 
elds 

(n) 

% of 
Grid 
Point

Average 

rite 

Standard 
iation 

95% 
nce 

Volume 
 % Ferr
using 
Point 
Count 

Ferrite 
ber 

itscope
) 

Volume % 
Ferrite 
from 
Feritscope
® 

Table 16: Volume Ferrite in Percentage from ASTM E562 Man
 
S
ID of

Fi s % 
fer

volume Dev
(s) 

Confide
Limit 

ite Num
er(F

®

         
1 42.9 
2 39.7 
3 41.9 
4 42.4 
5 43.7 
6 39.3 
7 40.3 
8 41.9 
9 40.7 
10 39.

 
 
 
 
1.5 

 
 
 
 
40.1 – 42.3 .7 

 
 
 
 
40.2 

6 

 
 
 
 
    41.2 

 
 
 
 
1.1  

 
53

 
 
 

144 

        
1 55.2 
2 52.3 
3 51.1 
4 52.9 
5 51.6 
6 49.5 
7 52.1 
8 51.1 
9 50.3 
10 49.

 

 

 
 
 
 
50.4 – 52.8 .3 

 
 
 
 
52.1 

6 

 
 
 

 
 

  
     51.6 1.7

 
 
 
 
1.2  75

 
 
 
 

45633 

        
1 46.2 
2 45.4 
3 47.6 
4 49.1 
5 44.8 
6 45.1 
7 45.6 
8 46.9 

 
 

 
 

 
 
     45.9 

 
 
1.8 

 
 
1.3 

 
 
 
 
44.6 – 47.2 

 
 
65.1 

 
 
 
 
46.4 

 
 

 
 

9 43.9 
10 44.1 

S1508 

        
1 66.7 
2 69.1 
3 64.9 
4 63.4 
5 65.9 
6 65.6 
7 67.1 
8 64.2 
9 63.5 
10 68.9 

 
 
 
 
     65.9 

 
 
 
 
2.1 

 
 
 
 
1.4 

 
 
 
 
63.8 - 68 

 
 
 
 
100.6 

 
 
 
 
65.9 

04J142 

        
1 55.2 
2 57.3 
3 53.8 
4 53.5 
5 51.7 
6 53.7 
7 56.6 
8 54.5 
9 50.5 

04
D 

 
 
 
 
     53.6 

 
 
 
 
2.5 

 
 
 
 
1.8 

 
 
 
 
51.8 – 55.4 

 
 
 
 
80.4 

 
 
 
 
54.8 

J142 - 

10 49.6 
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entage of ferrite 

alculated using ASTM E562. The standard deviation measured from ASTM E562 

ement by Point Counting per 

 with the Feritscope®.  

1. Operator bias pays a role in counting the phases falling inside the grid. 

2. Specimen Preparation: Surface defects or abnormalities due to polishing or 

etching can lead to difficulty in distinguishing between the phases. 

3. Grid Preparation: Thickness of grid lines can cause difficulty in determining 

whether a phase actually lies at the intersection or not. 

 

It can be concluded that the volume percentage of ferrite measurement from either 

method produces similar results but Feritscope® is more robust because it is easy to 

operate, eliminates operator bias and there are minimal requirements for specimen 

preparation162,168. 

 

5.  Hardness Measurement 

 

 Hardness was measured on all the samples from various heats using both 

ockwell B and C.  Table 17 shows the hardness of all the heats and heat treatm

 From the oughness, ferrite 

content and the hardness. The hardness for ll the heats from Foundry A, B and C was 

approximately between 94 to 103 and 18 to 26 on HRB and HRC scales respectively. For 

the samples from Foundry D the solution annealed and heat treatment “A” showed 

similar hardness.  Heat treatment “B”, “D” and “G” also showed similar hardness though  

 

From the table we can infer that the volume percentage of ferrite calculated using 

Feritscope® falls within the 95% confidence limit for volume perc

c

ranged from 1.5 – 2.5%, which indicates that ferrite measur

ASTM E562 shows similar results when compared

 

 There are few disadvantages of manual point count, which affect the accuracy of 

the results of ASTM E562: 

 

R ents. 

above data one can derive a correlation between the t 

a
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Table 17: Hardness Value Measured using Rockwell B and C 
 
 
Foundry Specimen ID HRB HRC 

285 103.9 22.5 
144 94.1 18.9 

A 

331 103 21.8 
S1507 96.1 24.4 B 
S1508 96.1 21.9 
45633 102.7 20.8 
41414 98.6 20.4 
41374 102.2 20.1 
41544 98.4 20.9 

C 

44073 100.9 18.9 
04J142  102.8 25.5 
04J142 - A* 99.1 20.4 
04J142 - B 101.9 24.9 
04J142 - C 106.1 30.8 
04J142 - D 101.6 20.1 
04J142 - E 106.8 29.9 
04J142 - F 108.6 29.9 
04J142 - G 102.7 22.1 

D 

04J142 - H 109.9 35.2 
  

 

 

heat treatment “B”, “D” and “G” samples contained intermetallic phase. This may be 

because from their OLM micrographs we were able to determine visually that there was 

only a small amount of intermetallic phase present as compared to samples which had 

undergone other heat treatment schedules. Samples from heat treatment schedules “C”, 

“E”, “F” and “H” showed greater hardness on both the scales because the presence of 

intermetallic phase increases the hardness of the material. 

 These results were similar to the results that were obtained for the ferrite content 

measurement. It may be possible to conclude that there was a direct relationship between 

the ferrite content and the hardness. As the ferrite content decreased due to the 

ansformation of intermetallic phases there was an increase in the hardness. If the 

*

tr

Refer to heat treatment schedule in Table 4
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volume percent of ferrite content is approximately 50, then the hardness is approximately 

between 94 to 103 and 18 to 26 in HRB and HRC scales respectively.   

 

6.  Evaluation of Fracture Surfaces from Test Method B 

  

 SEM was carried out on the fracture surfaces of one sample from each heat.  The 

following figures (Figure 47 – 65) show SEM images of the fracture surfaces of the 

samples. All these samples are labeled with their specimen identity followed by its 

impact toughness and magnification. 

. 

 
 

 
 

Figure 47: Fracture Surface of 04J142, 72ft-lbs, 500x 
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Figure 48: Fracture Surface of 04J142 – A, 80.5ft-lbs, 500x 
 
 

 
 

Figure 49: Fracture Surface of 04J142 – B, 2.5ft-lbs, 500x 
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Figure 50: Fracture Surface of 04J142 – C, 1.5ft-lbs, 500x 
 
 

 
 

Figure 51: Fracture Surface of 04J142 – D, 7.5ft-lbs, 500x 
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Figure 52: Fracture Surface of 04J142 – E, 1.5ft-lbs, 500x 
 
 

 
 

Figure 53: Fracture Surface of 04J142 – F, 1.5ft-lbs, 500x 
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Fig 0x ure 54: Fracture Surface of 04J142 – G, 9.5ft-lbs, 50
 
 

 
 

 Fracture Surface of 04J142 – H, 2.5ft-lbs, 500x Figure 55:
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Figure 56: Fracture Surface of 331, 72.5ft-lbs, 500x 
 
 

 
 

Figure 57: Fracture Surface of 144, 104ft-lbs, 500x 
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Figure 58: Fracture Surface of 285, 75ft-lbs, 500x 

 
 

 
 

Figure 59: Fracture Surface of 41374, 130ft-lbs, 500x 
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Figure 60: Fracture Surface of 41414, 125ft-lbs, 500x 
 
 

 
 

Figure 61: Fracture Surface of 41544, 143ft-lbs, 500x 
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Figure 62 Fracture Surface of 45633, 126.5ft-lbs, 500x 
 
 
 

 
 

Figure 63: Fracture Surface of 44073, 152.5ft-lbs, 500x 
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Figure 64: Fracture Surface of S1507, 78.5ft-lbs, 500x 
 
 

 
 

Figure 65: Fracture Surface of S1508, 68ft-lbs, 500x 
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 The fractures can be categorized into two types – Ductile and Brittle. A ductile 

fracture is characterized by a dimpled surface. It is associated with high energy release. 

On the other hand brittle fracture is characterized by rapid crack propagation with low 

energy release. Brittle fractures display either cleavage (transgranular) or intergranular 

fracture. The fracture may have a bright granular appearance. The materials which 

undergo brittle fracture have greater hardness as compared to those which undergo 

ductile fracture.  

From the SEM images it was observed that all the foundry solution annealed 

howed  

rge dimpled ductile fracture surfaces. These samples had a high toughness. The heat 

treatment “A” sample (solution annealed at the University of Tennessee) from Foundry D 

also showed ductile fracture. The samples from other heat treatment schedules generally 

showed brittle fracture. Cleavage was evident on the fracture surface of heat treatment 

“G” sample. These samples had low toughness. Most of the samples which underwent 

brittle fracture had hardnesses greater than the solution annealed samples which showed 

ductile fracture. 

  

C Sam

 SEM was carried on all the ASTM A923 Test Method C samples before and after 

the corrosion test was performed. The following figures (Figure 66 – 84) show SEM 

images on all samples. 

.

 

samples from Foundry A, B, C and D s  ductile fracture. All these samples had

la

 7.  Corrosion Analysis of Test Method ples using SEM 
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Figure 66: 04J142 (a) Before Corrosion, 1000x 
  
 

                   

 
 
Figure 67:

  
 04J142-A (a) Before Corrosion, 1000x 

                   
 

 
 
Figure 68:

 
 
Figure 66: Continued (b) After Corrosion, 1000x 

 
 

 
 
Figure 67: Continued (b) After Corrosion, 1000x 

 
 

 
 

 04J142-B (a) Before Corrosion, 1000x Figure 68: Continued (b) After Corrosion, 1000x 
 
 

Cracks
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Figure 69: 04J142-C (a) Before Corrosion, 1000x 

 
 

 
 

 04J142-D (a) Before Corrosion, 1000x Figure 70:
 
 

 
 
Figure 71: 04J142-E (a) Before Corrosion, 1000x 

 
 
 

 
 
Figure 69: Continued (b) After Corrosion, 1000x 

 
 

 
 
Figure 70: Continued (b) After Corrosion, 1000x 
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 Continued (b) After Corrosion, 1000x Figure 71:
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F  igure 72: 04J142-F (a) Before Corrosion, 1000x

 
 

 
 
Figure 73: 04J142-G (a) Before Corrosion, 1000x 

 
 

 
 
F  igure 74: 04J142-H (a) Before Corrosion, 1000x

 
 
 
 

 
 
Figure 72: Continued (b) After Corrosion, 1000x 

 
 

 
 
Figure 73: Continued (b) After Corrosion, 1000x 
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Figure 74: Continued (b) After Corrosion, 1000x 
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Figure 75: 144 (a) Before Corrosion, 1000x 
 
Figure 75: Continued (b) After Corrosion, 1000x 

 
  
 

  
 
Figure 76: Continued (b) After Corrosion, 1000x 

 
 

 
Figure 76: 285 (a) Before Corrosion, 1000x 
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Figure 77: Continued (b) After Corrosion, 1000x 

 
Figure 77: 331 (a) Before Corrosion, 1000x 
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Figure 78: S1507 (a) Before Corrosion, 1000x 
 
 

 
 

Figure 79: S1508 (a) Before Corrosion, 1000x 
 
 

 
 

Figure 80: 41374 (a) Before Corrosion, 1000x 
 
 
 
 

 
 
Figure 78: Continued (b) After Corrosion, 1000x 
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Figure 79: Continued (b) After Corrosion, 1000x 

 
 

 

Surface 
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Figure 80: Continued (b) After Corrosion, 1000x 
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Pits

 
 

Figure 81: 41414 (a) Before Corrosion, 1000x 
 
 

 
Figure 81: Continued (b) After Corrosion, 1000x 

 
 

  
 

Figure 82: 41544 (a) Before Corrosion, 1000x 
 
 

 
Figure 82: Continued (b) After Corrosion, 1000x 

 
 

  

Depression 

 
Figure 83: Continued (b) After Corrosion, 1000x 

 
 
 

 
Figure 83: 45633 (a) Before Corrosion, 1000x 

 
 
 



 
 
 

  
 

Figure 84: 44073 (a) Before Corrosion, 1000x 
 

 
Figure 84: Continued (b) After Corrosion, 1000x 

 
 

After carrying out SEM on the samples which were tested for corrosion esistance 

it was possible to correlate the results from the ASTM A923 Test Method C with the 

images that were obtained. 

 All the foundry solution annealed samples from Foundries A, B, C and D had 

been subjected to corrosion tests, passed Test Method C and when the SEM was carried 

out on these samples before and after they had subjected to corrosion, only pits, 

depressions and surface irregularities were found on these samples. Sample 331, from 

Foundry A showed pits and surface irregularities. Some surface irregularity was observed 

in this sample before the corrosion test was carried out but it was not well defined. The 

samples from heat S1507 and S1508 of Foundry B showed the presence of pits after the 

corrosion test was carried out. In the samples from Foundry C pits were present in sample 

41414 and depressions in samples 45633 and 44073.  

The heat treatment “A” sample (solution annealed at the University of Tennessee) 

passed the Test Method C as revealed by the SEM images which do not show any 

defects. The SEM images of heat treatment “B”, “C”, “E”, “F” and “H” showed crack-

like surface irregularities in the samples after corrosion testing. These samples failed the 

corrosion test. The sample from heat treatment “H” which showed a high corrosion rate 

had crack-like discontinuities thro

est, SEM images revealed pits and oxides 

on the corrosion surface.   

Depression 

 r

ughout en. Though heat the surface of the specim

treatment “D” and “G” passed the corrosion t
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It was observed that although the samples passed the corrosion Test Method C 

pits, oxides, surface irregularities and depressions were observed on the sample surface 

after the corrosion test was carried out. All these indications were highly localized. They 

were not distributed throughout the samples surface. It has been shown by Arthur H 

Tuthill163 that the assumption of uniform weight loss over the full area of specimen in 

calculating the corrosion rate may be reasonable for carbon steel, however in the case of 

stainless steels it is misleading due to the fact that corrosion of stainless steel is highly 

localized as seen in the case of these samples also. This also indicates that Test Method C 

is a not a good method for determining the presence of detrimental intermetallic phase 

when compared to Test Method A and B.  

Since these samples were not polished and etched to reveal the microstructure, as 

it was not required for Test Method C according to ASTM A923, it was not possible to 

determine which phases were present when indications were observed. 

 

8.  Verification of the type of Secondary Phases present in Foundry D samples using  
     Scanning Electron Microscopy and Energy Dispersive Spectroscopy  
 

 SEM and EDS was carried out on the samples from Foundry D which were 

subjected to heat treatment schedule derived from the testing of wrought DSS. SEM and 

EDS was also carried out on the foundry solution annealed sample from Foundry D in 

order to compare its EDS results with the heat treatment “A” (Solution Annealed at the 

University of Tennessee) sample results. The following figures show the SEM images of 

these samples as well as the EDS results. 
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Figure 85: 04J142 (a) Secondary Electron SEM Image, 1000X (b) EDS on Austenite 
                      Phase (γ) (c) EDS on Ferrite (δ

Element Element % 
Si 0.79 
Cr 24.85 
Fe 63.15 
Ni 8.71 
Mo 2.51 

Element Element % 
Si 0.79 
Cr 27.45 
Fe 60.84 
Ni 6.46 
Mo 4.45 

δ  
  γ 

10 µm 
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Figure 86: 04J142-A (a) Secondary Electro  SEM Image, 1000X (b) EDS on Austenite 
                    Phase (γ) (c) EDS on Ferrite (δ) 

Element Element % 
Si 0.98 
Cr 23.5 
Fe 63.16     
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δ 

 
  γ 

Element Element % 
Si 0.96 
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Ni 5.88      
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n
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Figure 87: 04J142-B (a) Backscatter SEM Image, 1000X (b) EDS on                

                                  Secondary Phase (S) 
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Figure 88: 04J142-C (a) Backscatter SEM Image, 1000X (b) EDS on                
                                  Secondary Phase (S) 
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ry Electron SEM Image, 1000X (b) EDS on                Figure 89: 04J142-D (a) Seconda
                            Secondary Phase (S) 
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Figure 90: 04J142-E (a) Secondary Electron SEM Image, 1000X (b) EDS on                

                            Secondary Phase (S) 
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Figure 91: 04J142-F (a) Secondary Electron SEM Image, 1000X (b) EDS on                
                             Secondary Phase (S) 
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Figure 92: 04J142-G (a) Secondary Electron SEM Image, 1000X (b) EDS on            
                            Secondary Phase (S) 
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Figure 93: 04J142-H (a) Backscatter SEM Image, 1000X (b) EDS on                

                                  Secondary Phase (S) 
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From the SEM micrographs the presence of intermetallic phases can be identified. 

All the samples which had undergone heat treatment schedule “B”, “C”, “D”, “E”, “F”, 

“G” and “H” had intermetallic phases. Back scatter was carried out on some of the 

samples in order to more clearly identify the intermetallic phases as it is easier to 

differentiate between different phases using back scatter image compared to secondary 

electron image.  By carrying out EDS on all these samples it was possible to identify the 

intermetallic phase as well as the composition. The solution annealed and the heat 

treatment “A” sample contained only austenite and ferrite phase. From EDS it was 

possible to identify the ferrite and austenite phase respectively. The austenite phase 

contained a lower percentage of chromium and molybdenum and higher nickel content as 

compared to the ferrite phase. Both the samples had similar chemical composition 

(Figure 85 and 86). 

In the heat treatment sample “B”, “C”, “D”, “E” and “F” γ2 + σ (Secondary 

austenite + Sigma) phases were identified. All these samples had undergone the second

tage of heat treatment. T  to 843°C (1550°F) and 

holding for different time periods before water quenching. The γ2 + σ phases are 

precipitated between 700°C to 900°C. Growth of these phases into the δ phase can be 

observed in the SEM images. The precipitate of carbides could also be observed in 

samples from heat treatment “B”, “C” and “D” samples along the γ/δ and γ/γ2 interphase 

boundaries157 as observed from the SEM images.  

SEM images revealed that the heat treatment “D” sample contained lower 

amounts of intermetallic phase when compared to heat treatments “B”, “C”, “E” and “F”. 

Also in contrast there was higher toughness for heat treatment “D” samples as evident in 

Figure 43. The heat treatment “G” sample which was air cooled also contained lesser 

amounts of intermetallic phases as evident from its SEM image (Figure 92). The SEM 

images of heat treatment “A”, “G” and “H” samples indicated that as the toughness of 

these samples decreased in the order of “A”> “G”>”H”,  intermetallic phases increased in 

the same order from zero in heat treatment “A” samples to a higher amount in heat 

treatment “H” samples. 

 

 

s he second stage is heating the sample
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In heat treated samples “C”, “E”, “F”, “G” and “H” σ (Sigma) phase was 

observed on the γ/δ interphase boundaries.  From the SEM image of heat treatment “H” 

sample it was observed that the amount of sigma present was high. This also explains the 

higher value of hardness of this sample on the Rockwell B and C scale because presence 

of sigma phase increases hardness. The amount of sigma present in the heat treatment 

“G” sample was less compared to heat treatment “H” sample. From this it can be 

concluded that slow cooling tends to transform more of ferrite into sigma as compared to 

air cooling.  

 There does not appear to be a correlation between volume percent ferrite and the 

precipitation of detrimental intermetallic phases. With the precipitation of intermetallic 

phase the volume percent of ferrite should decrease. This was observed only in heat 

treatment “C”, “E”, “F” and “G” samples. The volume percentage of ferrite was 

approximately 50 for heat treatment “B”, “D” and “G” (Table 15) samples though 

intermetallic phases were observed in these samples. This suggests that volume percent 

of ferrite is not a good ind ases. 

SEM was also carried out on the foundry solution annealed samples from Foundry 

A, B and C. The images are included in Appendix C. 

 

9.  Determination of Various Phases in the Samples using X-Ray Analysis 
 

 X- Ray analysis was carried out to determine different phases and the percentage 

of different phases present in the solution annealed and heat treated samples in order to 

compare the results with the Feritscope® data.  

 The following diffraction patterns (Figure 94 – 105) were acquired by running 

XRD on samples procured from four foundries. The γ – 200 (Austenite Peak) and δ – 002 

(Ferrite Peak) peaks were used from these patterns for calculating the percentage of the 

phases present in these samples. 

 

icator of amount of detrimental intermetallic ph
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Figure 94: Diffraction Pattern of 285 

 

 
 

Figure 95: Diffraction Pattern of 331 
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Figure 96: Diffraction Pattern of 144 
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Figure 97: Diffraction Pattern of S1507 
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Figure 98: Diffraction Pattern of S1508 

 
 

Figure 99: Diffraction Pattern of 41544 
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Figure 100: Diffraction Pattern of 44073 

 
 

Figure 101: Diffraction Pattern of 41414 
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Figure 102: Diffraction Pattern of 45633 
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Figure 103: Diffraction Pattern of 41374  

 

 153



 
 
 

 
 

Figure 104: Diffraction Pattern of 04J142 

 
 

Figure 105: Diffraction Pattern of 04J142 – A  
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at 

” sample from Foundry D contained only two phases: Austenite and Ferrite. 

The Direct Comparison Method164 was used to calculate the percentage of different 

phases present in the sample from XRD.  The (200) peak of austenite and (002) peak of 

ferrite was chosen to carry out the calculations because they fall in the same family of 

ence have the same multiplication factor which makes the calculation simple. 

ghest intensity, still we used the (002) peak because 

tenite peak (111) and it is not desirable to use two 

 the samples S1508, S1507, 41374 and 04J142 – 

 additional peaks are seen other than the austenite and ferrite peaks. These peaks belong 

 the background material, which is Aluminum on which the sample was mounted to 

carry out X-Ray diffraction. These peaks are labeled as “Al”. The following tables  

able 18 – 20) show the percentage of austenite and ferrite phase in the samples. 

larization Factor and Temperature Factor for    

 All the foundry solution annealed samples from Foundry A, B, C, D and he

treatment “A

planes h

The (110) peak of ferrite had the hi

the (110) peak was too close to an aus

close peaks for phase determination. In

A

to

(T

 

Table 18: Calculation of Lorentz Po
                 Austenite Phase 
 

Austenite Phase (γ) Sample 
ID Theta (θ) d (Å) Sinθ Cosθ Sin2θ Cos22θ LP TF 
285 25.2085 1.8086 0.4259 0.9047 0.1814 0.4060 8.5667 0.6321
331 25.1756 1.8107 0.4253 0.9050 0.1809 0.4071 8.5921 0.6328
144 25.1465 1.8128 0.4249 0.9052 0.1805 0.4081 8.6148 0.6334
S1507 25.2301 1.8070 0.4262 0.9046 0.1816 0.4052 8.5500 0.6316
S1508 25.3226 1.8009 0.4277 0.9039 0.1829 0.4021 8.4790 0.6296
45633 25.1719 1.8109 0.4253 0.9050 0.1809 0.4072 8.5950 0.6329
41414 25.3696 1.7978 0.4284 0.9035 0.1835 0.4004 8.4432 0.6286
41544 25.2066 1.8086 0.4258 0.9047 0.1813 0.4060 8.5681 0.6321
44073 25.2594 1.8051 0.4267 0.9043 0.1820 0.4042 8.5274 0.6310
41374 25.2461 1.8060 0.4265 0.9044 0.1819 0.4047 8.5376 0.6313
04J142 25.3701 1.7977 0.4284 0.9035 0.1835 0.4004 8.4430 0.6286
04J142-A        25.3927 1.7962 0.4288 0.9033 0.1838 0.3997 8.4258 0.6281
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Table 19: Calculation of Lorentz Polarization Factor and Temperature Factor for    
                  Ferrite Phase 
 

Ferrite Phase (δ) Sample 
ID Theta (θ) D (Å) Sinθ Cosθ Sin2θ Cos22θ LP TF 
285 32.3524 1.4394 0.5351 0.8447 0.2863 0.1825 4.8884 0.4848
331 32.4510 1.4355 0.5365 0.8438 0.2879 0.1799 4.8564 0.4829
144 32.3165 1.4408 0.5345 0.8451 0.2857 0.1835 4.9002 0.4855
S1507 32.4326 1.4362 0.5363 0.8440 0.2876 0.1804 4.8624 0.4832
S1508 32.4306 1.4363 0.5362 0.8440 0.2875 0.1804 4.8630 0.4832
45633 32.2163 1.4448 0.5331 0.8460 0.2842 0.1862 4.9333 0.4874
41414 32.4109 1.4371 0.5359 0.8442 0.2872 0.1809 4.8694 0.4836
41544 32.2455 1.4437 0.5335 0.8457 0.2846 0.1854 4.9236 0.4868
44073 32.3306 1.4403 0.5348 0.8449 0.2860 0.1831 4.8956 0.4852
41374 31.5267 1.47 0.5228 0.8523 0.2734 0.2031 53 5.1718 0.5009
04J142 31.4512 1 0.5217 0.8530 0.2722 0.2074.4762  5.1991 0.5024
04J142-A  31.2902 1 0.5193 0.8545 0.2697 0.2120.4830  5.2580 0.5056
 

 

Table 20 ercentage of Fe  Austenite in the Diffr n les 

 

: P rrite and actio  Samp

Sample ID Rδ/Rγ I /Iδ γ Cδ/Cγ %  of Austenite  % of Ferrite 
285 0.4208 0.5177 1.2300 44.8 55.2
331 0.4147 0.3360 0.8100 55.2 44.8
144 0.4192 0.5147 1.2200 44.7 55.3

S1507 0.4184 1.1830 2.8273 26.1 73.9
S1508 0.4233 0.4902 1.1579 46.3 53.7
45633 0.4251 0.5572 1.3107 43.3 56.7
41414 0.4267 0.4945 1.1588 43.2 56.8
41544 0.4256 1.0558 2.4806 28.7 71.3
44073 0.4245 0.8308 1.9569 33.8 62.2
41374 0.4622 0.9194 1.9890 33.4 62.6

04J142 0.4732 0.8327 1.7596 36.2 63.8
04J142-A  0.4830 2.2572 4.6731 17.6 82.4
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For calculating the percentage of austenite and ferrite the following  formulae164 

were used: 
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where, 
  
            Iδ = Intensity of ferrite peak 
 Iγ = Intensity of austenite peak 
 Cδ= Amount of ferrite phase 
 Cγ= Amount of austenite phase 
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where, 
 
 v = Volume of the unit cell 
 p = Multiplicity Factor 
 hklF = Structure Factor 
 e-2M = Temperature Factor (TF) 

           
θθ cossin

2cos1
2  = Lorθ2+ entz Polarization Factor (LP) 

2
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where, 
 
 B

⎞
⎜
⎛=

θSinBM q  

q = Assumed as 3 
  λ  = Wavelength of incident beam (1.54056) 
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gure 106 shows a graphical comparison between 

 Ferrite from X-Ray Diffraction and Feritscope® 

 The lattice parameters for austenite and ferrite were taken as 3.58Å and 2.86 Å. 

The multiplicity factors for both austenite and ferrite peak was 6. 

 Table 21 shows a comparison between the percentage of ferrite calculated from 

X-Ray Diffraction and Feritscope®. Fi

the volume percentage of ferrite measured using the Feritscope® and X-ray Diffraction. 

 
Table 21: Volume Percentage
 
 

Foundry Sample ID Volume % 
Ferrite from   
X-Ray 
Diffraction 

Volume % 
Ferrite from 
Feritscope® 

A 285 55.2 46.9 
 144 55.3 40.2 
 331 44.8 42.3 
B S1507 73.9 56.8 
 S1508 53.7 46.4 
C 45633 56.7 52.1 
 41414 56.8 49.7 
 41374 62.6 51.5 
 41544 71.3 51.2 
 44073 62.2 46.2 
D 04J142 63.8 65.9 
 04J142 - A 82.4 63.1 
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Figure 106: Comparison of Volume Percentage of Ferrite from Feritscope® and X-Ray  
                     Diffraction 
 
                    

From the above table we can infer that there is variation in the volume percentage 

ferrite calculated from the Feritscope® and the X-Ray Diffraction. The volume 

percentage of ferrite from X-ray Diffraction always overestimated the volume percentage 

of ferrite calculated from the Feritscope® except for the sample 04J142. This is because 

of preferred orientation of the crystals in a particular direction which results in the 

measured intensities of diffractions being incorrect. This affects the quantitative analysis 

of the various phases present. In the case of sample 04J142 the volume percentage ferrite 

calculated from the Feritscope® is more than the volume ferrite from X-Ray Diffraction 

by a small percentage. This may be because the ferrite calculated from the Feritscope® is

an average of 10 valu  volume percentage 

 

es with some of the values being more than the
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lue 

 calculated from X-Ray 

analysis of phases present. 

X-Ray analysis was also carried out on the samples from Foundry D, which had 

inte in them. Some of the diffraction patterns of the samples are shown 

belo (

 atterns are similar to the patterns which were acquired for 

mples which did not have any intermetallic phases. The patterns does not show any 

peaks c

e the capability of showing up such peaks. It can be concluded that X-Ray 

Diffraction has a limitation in identification of phases. It has the capability of identifying 

phases like austenite and ferrite but cannot identify small amounts of intermetallic 

phases. 

 

 

 

ferrite calculated from X-Ray Diffraction. In all the other samples the maximum va

calculated from the Feritscope® was less than the volume ferrite

Diffraction. It can be concluded that X-Ray Diffraction is not sufficiently sensitive for 

quantitative 

 

rmetallic phases 

w Figure 107 and 108). 

These diffraction p

sa

orresponding the intermetallic phases. This is because the percentage of different 

intermetallic phases present is low compared to the austenite and ferrite phase and X-Ray 

does not hav
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Figure 107: Diffraction Pattern of 04J142 – B  
 
 

 
 

Figure 108: Diffraction Pattern of 04J142 – C  
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 Volume Percentage Ferrite calculated from the Feritscope®,  
Ray Diffraction 

me Percentage of ferrite can be calculated from three different 

chniques: 

 

1.

2.

3. X-Ray Diffraction 

e volume percentage of ferrite 

easured using the Feritscope®, ASTM E562 Manual Point Count method and X-Ray 

D

10.  Comparison of
       ASTM E562 Manual Point Count and X-
 

 The volu

te

 Feritscope® 

 ASTM E562 Manual Point Count 

 

Figure 109 shows the comparison between th

m
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Figur
                     E562 Manual Point Count and X-Ray Diffraction 
 

 

e 109: Comparison of Volume Percentage of Ferrite from the Feritscope®, ASTM  
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The above figure indicates that the volume percentage of ferrite calculated from 

eritscope® and ASTM E562 Manual Point Count gives similar results. However, the 

e percentage of ferrite calculated from X-Ray Diffraction shows a high variation 

 compared with the results from the Feritscope® and ASTM E562 Manual Point 

t. The reasons for such results have been already discussed in sections 4 and 9. It 

e concluded that the Feritscope® is the most appropriate method 

olume percentage of ferrite followed by ASTM E562 Manual Point Count. X-Ray 

ction is not sufficiently sensitive for quantitative analysis of phases present. 
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V. C
 

A. 
 

1a)

 

B. 1. T or Detecting the Presence of Intermetallic    

  

 

1a)

 

     2. 

 

a) All of the eleven foundry solution annealed heats from foundries A, B, C and D 

ealed at The University of Tennessee) from 

Foundry D also passed (all three ASTM A923 Test Methods. 

 and then heat to 

onclusions 

Data Package 

 A data package was developed based on the results which were acquired from 

various tests performed on the ASTM A890-5A cast Super Duplex Stainless Steel 

material procured from various foundries. 

he Suitability of ASTM A923 f

     Phases in Super Duplex Stainless Steel Castings 

 Since ASTM A923 Methods adequately identifies the presence of intermetallic 

phases in A890 – 5A grade Cast Super Duplex Stainless Steel A890 – 5A can be 

directly included in ASTM A923. 

1b) The micrographs from the A890-4A grade (now in ASTM A923) are applicable for 

the A890-5A grade to compare and detect the presence of intermetallic phases. 

Using these micrographs one can verify whether an A890-5A sample has an 

unaffected, affected or a possibly affected structure. 

Evaluation of the ASTM A923 Test Methods A, B and C 

2

passed all the ASTM A923 Test Methods A, B and C. In addition, the heat 

treatment “A” samples (solution ann

2b) The samples which were subjected to heat treatment schedules “B”, “C”, “D”, “E” 

and “F” (Heating to 1950ºF, hold for 30 minutes, Water Quench

1550ºF, Water Quench after holding for 0, 5, 10, 15 and 20 minutes respectively) 

did not pass the ASTM A923 Test Methods. These samples underwent the second 

course of heat treatment (Heating to 1550ºF, holding for different time intervals 
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ting of the wrought material and A890-4A grade cast Duplex 

2c)

2d)

wed a gradual decrease in there toughness with increasing hold time 

0ºF and hold for different time periods before 

water quenching). 

isually detect the presence of an 

affected structure but cannot adequately identify the type of intermetallic phases 

2f) le (from 1950°F) contained lesser amount of intermetallic 

2g)

respectively, water quenching after water quenching from 1950ºF). The heating 

process took approximately an hour for the samples to reach the temperature of 

1550°F. Intermetallic phases are expected to precipitate during the heating process 

to 1550°F as well as during the hold time at 1550°F. These heat treatment schedules 

were used for the tes

Stainless Steel for the formulation of the ASTM A923 specification. 

 During the first course of heat treatment (Heating to 1950°F, hold for 30 minutes 

and water quench) determination of precipitated detrimental intermetallic phases is 

virtually zero as anticipated. 

 It was also observed that when compared to the A890-4A grade A890-5A grade is 

more sensitive to heat treatment. The A890-4A grade when subjected to Charpy 

impact test sho

at 1550ºF. But the A890-5A grade material showed a significant drop in toughness 

from heat treatment schedule “A” to “B” when second course of heat treatment 

process was followed (Heat to 155

2e) It was observed that from Test Method A one can v

present. However it is possible to visually deduce whether a sample is affected with 

a greater percentage of intermetallic phases when compared with another sample. 

The air cooled samp

phases as compared to slow cool sample though both had low toughness (1-10ft-

lbs). This indicates that precipitation of even a small amount of intermetallic phase 

can reduce the toughness considerably (1-10ft-lbs). 

 The heat treatment “G” samples (air cooled from 1950°F) revealed an affected 

structure though the amount of intermetallic phase which was visualized from the 

OLM image was less as compared to samples which had undergone other heat 

treatment schedules.  They had low toughness. This was similar to ASTM A890-4A 

grade (previous test results) which indicated that air cooling was not sufficiently 
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2h)

ghness (Test Method 

B) and also an affected structure in the Sodium Hydroxide Etch Test (Test Method 

 Chloride Corrosion Test (Test Method C). This 

explains the ineffectiveness of Test Method C in detecting the presence of 

2i) 

toughness of heat treatment “B” (Heat to 1950°F, hold 30 

, heat to 1550ºF, hold 5 minutes, water quench)  

 

3. D

    o

 

3a) A correlation was determined between the ASTM A923 Test Methods A, B and C 

 of detrimental phases in the material. 

3b) It was observed that if the toughness is greater than 60ft-lbs then all samples had an 

rapid in preventing the intermetallic phase precipitation in A890-4A material. The 

same is true for ASTM A890-5A material. 

 The samples from Foundry D which underwent heat treatment schedules “D” (Heat 

to 1950°F, hold 30 minutes, water quench, heat to 1550ºF, hold 10 minutes, water 

quench) and “G” (air cooled from 1950°F) had low Charpy tou

A) but still passed the Ferric

detrimental intermetallic phase. 

SEM images of corrosion samples proved that corrosion is localized; hence, the 

assumption of uniform weight loss over the full area of the specimen is not 

appropriate for calculating the corrosion rate. This indicates that possibly ASTM 

A923 Test Method C is not an appropriate method for predicting the presence of 

detrimental intermetallic phases in cast super duplex stainless steel. 

2j) There was an increase in the toughness of heat treatment “D” (Heat to 1950°F, hold 

30 minutes, water quench, heat to 1550ºF, hold 10 minutes, water quench) samples 

as compared to the 

minutes, water quench, heat to 1550ºF, water quench) and “C” (Heat to 1950°F, 

hold 30 minutes, water quench

samples. The reason for this observation may be related to the heating time to 

1550°F. 

etermination of the best ASTM A923 Test Method for Detecting the Presence   

f Detrimental Intermetallic Phases 

in determining the presence

unaffected structure and a high corrosion resistance (passed the acceptance criteria 

of weight loss ≤ 10 mdd by a wide margin). If the toughness was below 15ft-lbs 
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eatment “D” and “G” samples 

3c) There was a 1:1 correlation between Test Method A and B. Though Test Method A 

t be 

detrimental or not. The 

lowering of toughness from Test Method B confirms whether the intermetallic 

3d)

lic phase in the material. 

 

4. Ev

 

a) With increasing presence of intermetallic phase in the microstructure the volume 

percentage of ferrite content is reduced as most of the ferrite is converted into 

intermetallic phases. 

4b) Since heat treatment “B” (Heat to 1950°F, hold 30 minutes, water quench, heat to 

1550ºF, water quench) samples exhibited ferrite of approximately 50% but had low 

toughness (Test Method B) and failed the Sodium Hydroxide Etch Test (Test 

Method A) and Ferric Chloride Corrosion Test (Test Method C), ferrite percent is 

not a good indicator of the presence or absence of detrimental intermetallic phase. 

Heat treatment “D” (Heat to 1950°F, hold 30 minutes, water quench, heat to 

1550ºF, hold 10 minutes, water quench) and “G” (Air cooled from 1950°F) samples 

also contained intermetallic phases and had low toughness but still had volume 

percentage ferrite of approximately 50%. 

then the samples always revealed an affected structure and exhibited low corrosion 

resistance (weight loss ≥ 10 mdd) except for heat tr

which passed the Ferric Chloride Corrosion Test (Test Method C) indicating the 

ineffectiveness of Test Method C in determining the presence of detrimental 

intermetallic phases. 

is a direct method of detecting the presence of intermetallic phases, it canno

confirmed whether the intermetallic phases present are 

phase present is detrimental. However, the toughness of a material may also 

decrease if the percentage of ferrite is high. This can be determined using the 

Feritscope®. 

 ASTM A923 Test Method B (Charpy Impact Test) was determined to be the best 

method out of the three test methods for predicting the presence of detrimental 

intermetal

aluation by Ferrite and Hardness Measurement 

4
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ntent decreased there was an increase in the hardness. This is 

because as the ferrite content decreased as ferrite was converted into intermetallic 

phases which increased

5. Evaluation by SEM and EDS  

 

e heat treated samples from Foundry D underwent brittle 

fracture except for heat treatment “A” (Heat to 1950°F, hold 30 minutes, water 

quench) sam

ined by carrying 

out EDS on the material from Foundry D after subjecting it to different heat 

trea

mples was identified by examining 

the microstructure under SEM. 

 images of heat treatment “A” (solution annealed at the University of 

Tennessee), “G” (air cooled from 1950°F) and “H” (furnace cooled from 1950°F) 

samples indicated that as the toughness of these samples decreased in the order of 

“A”>“G”>”H”, intermetallic phase volume increased in the same order from zero in 

heat treatment “A” sample to a higher amount in heat treatment “H” sample. This 

result is directly influenced by the cooling rate. 

. X-Ray Diffraction Analysis 

6a) The volume percentage of ferrite from X-ray Diffraction always overestimated the 

volume percentage of ferrite calculated from the Feritscope® due to the problem of 

4c) As the ferrite co

 the hardness of the material. In general, the ferrite content 

decreases with an increase in the hardness because the ferrite is converted into 

intermetallic phases which have a higher hardness than ferrite. 

 

5a) In the Charpy Impact Test the entire sample which showed brittle fracture had low 

toughness and all samples with ductile fracture showed high toughness. The 

solution annealed samples from Foundry A, B, C and D which had high toughness 

showed ductile fracture. Th

ple which was solution annealed at the University of Tennessee. 

5b) The chemical composition of the intermetallic phase was determ

tment schedules. 

5c) The type of intermetallic phase present in the sa

5d) The SEM
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preferred orientation. This indicates that X-Ray Diffraction is not sufficiently 

sensitive for quantitative analysis of phases present. 

6b) X-Ray Diffraction has the limitation in identification of phases. It has the capability 

of identifying phases like austenite and ferrite but cannot identify small amounts of 

intermetallic phases. 

. Comparison of Volume Percentage Ferrite measured using the Feritscope®,  

  ASTM E562 Manual Point Count and X-Ray Diffraction 

7a) From the comparison made between the Feritscope®, ASTM E562 Manual Point 

Count and X-Ray Diffraction it was concluded that the Feritscope® is the most 

suitable method from calculating the volume percentage of ferrite followed by 

ASTM E562 Manual Point Count method. X-Ray Diffraction is not an appropriate 

method for carrying out qualitative analysis of different phases present in a 

material. 

7b) Feritscope® is more robust compared to ASTM E562 Manual Point Count which 

also gives similar results because it is easy to operate, eliminates operator bias and 

there are minimal requirements for specimen preparation. 
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VI.  Future 
 

The objective of this work was to determine the suitability of ASTM A923 

rd Test methods for Detecting Detrimental Intermetallic Phase in W

lex Austenitic-Ferritic Stainless Steels” for 25 Cr Cast Super Duplex Stainless Steels 

 A890-5A).  

 

This objective was successfully obtain

erial which was procured from various foundries and a data package was developed 

nt to SFSA, DOE and the foundries. It was concluded that ASTM A923 Methods 

tely identify the presence of secondary phases in ASTM A890-5A grade Cast 

uplex Stainless Steels.  

 

This work was also carried out on ASTM A890-4A grade material previously and 

lts led to the inclusion of the alloy i

 

In the future the same work can be extended to ASTM A890-6A

er to include this alloy also into ASTM A923. 
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Table 22: Volume % Ferrite of Foundry Solution Annealed Samples from Foundry A, B, C and D  
 
Foundry Specimen ID Ferrite Number Volume % Ferrite 

285 66.6 47.2 
 68.7 48.4 
 63.1 45.3 
 66.3 47.1 
331 62 44.7 
 59.4 43.3 
 62.4 44.9 
 61.2 44.3 
144 92 61.2 
 54 40.3 
 52.9 39.7 

Foundry A 

 54.9 40.8 
S1507 77.3 53.1 
 87.1 58.5 
 83.1 56.3 
 88.5 59.3 
S1508 66.6 47.3 
 64.3 45.9 
 64.4 46.1 

Foundry B 

 64.8 46.2 
45633 71.8 50.1 
 76.8 52.8 
 76 52.4 
 76.5 52.7 
41414 70.2 49.2 
 69.6 48.9 
 73.4 50.9 
41374 71.4 49.9 
 70.9 49.6 
 78.1 53.5 
 76.7 52.8 
41544 75.1 51.9 
 76.6 52.7 
 70.3 49.3 
 73.2 50.9 
44073 63.7 45.6 
 69 48.5 
 62.4 44.9 

Foundry C 

 63.8 45.7 
04J142  102.5 66.9 
 105 68.3 
 96.6 63.7 

Foundry D 

 98.3 64.6 
Table 23: Volume % Ferrite of Heat Treated Samples from Foundry D  
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Foundry Specimen ID Ferrite Number Volume % Ferrite 

04J142 - A 99 65.1 
 91.9 61.1 
04J142 - B 57.5 42.2 
 60.9 44.1 
04J142 - C 34.4 29.5 
 43.7 34.6 
04J142 - D 79 54.1 
 81.8 55.6 
04J142 - E 45 35.3 
 38.3 31.6 
04J142 - F 36.2 30.5 
 35.6 30.2 
04J142 - G 81 55.1 
 77.8 53.4 
 83.4 56.5 
 76.9 52.9 
04J142 - H 3.6 12.5 
 3.9 12.8 
 4.1 12.8 

Foundry D 

 3.6 12.6 
 

The volume percentage of ferrite was calculated using the formula: 
 

Volume % of Ferrite = 0.55*(Ferrite Number) +10.6 
 

The ferrite number was measured using Feritscope® on all the samples which had 

undergone charpy impact test. The values in Table 14 are the average of the ferrite 

number measured in all the samples. 

 

 

 
 
 
 
 
 
 
 
Appendix C 
 

 189



 
 
 
Table 24: Hardness Values measured using Rockwell B and Rockwell C on Foundry  
                 Solution Annealed samples from Foundry A, B, C and D 
 
Foundry Specimen ID HRB  HRC  

285 104.1 22.9 
 104.1 22.3 
 103.6 22.3 
331 103.3 21.2 
 103.2 22.1 
 102.5 22.1 
144 83.1 19.7 
 96.5 17.8 

Foundry A 

 102.6 19.1 
S1507 84.7 24.1 
 100.2 24.6 
 103.5 24.5 
S1508 89.4 21.8 
 96.9 21.7 

Foundry B 

 102.6 22.3 
45633 102.4 20.8 
 103.3 21.2 
 102.5 20.5 
41414 72.6 19.3 
 91 20.7 
 102.2 21.1 
41374 101.9 19.4 
 102.2 19.5 
 102.5 21.5 
41544 92.9 20.4 
 100.3 20.2 
 101.9 22.2 
44073 100.8 18.1 
 101 19.2 

Foundry C 

 101 19.6 
04J142  100.9 25.1 
 103.7 26.6 

Foundry D 

 103.9 24.7 
 
 
 
 
Table 25: Hardness Values measured using Rockwell B and Rockwell C on Heat  
                 Treated samples from Foundry D 
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Foundry Specimen ID HRB Scale HRC Scale 

04J142 - A 97.6 20.9 
 99.9 20.2 
 99.6 20 
04J142 - B 98.5 22.1 
 101.7 28.3 
 105.7 24.4 
04J142 - C 106.3 30.7 
 107.1 30.4 
 104.9 31.4 
04J142 - D 101.1 20.9 
 102.6 20.4 
 101 19.1 
04J142 - E 100.1 25.7 
 103.1 27.3 
 105.1 27.8 
04J142 - F 109.4 30.7 
 107.3 28.5 
 109.1 30.5 
04J142 - G 104.4 29.7 
 106.9 28.5 
 107.4 27.8 
04J142 - H 105.5 33.5 
 108.5 34.4 

Foundry D 

 109.3 34.6 
 
 
 
 Three values were measured on HRB and HRC scale on all the samples that were 

selected to undergo the hardness test. The values in Table 15 are the average of the 

hardness values measured on Rockwell B and Rockwell C scale. 
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SEM Images on Foundry Solution Annealed Samples from Foundry A, B and C 
 

 
 

Figure 110: Backscatter SEM image of 285, 500x 
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Figure 111: Backscatter SEM image of 331, 500x 
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Figure 112: Backscatter SEM image of 144, 500x 
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Figure 113: Backscatter SEM image of 41374, 500x 
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Figure 114: Backscatter SEM image of 41544, 500x 
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Figure 115: Backscatter SEM image of 44073, 500x 

 

 δ 

     γ 

10 µm

10 µm



 

 
 
 

195

 
 

Figure 116: Backscatter SEM image of 41414, 500x 
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Figure 117: Secondary Electron SEM image of 45633, 1000x 
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Figure 118: Secondary Electron SEM image of S1508, 1000x 
 
 

 
 

Figure 119: Secondary Electron SEM image of S1507, 1000x 
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Appendix E 
 
Structure Factor for (200) Austenite and (002) Ferrite Peak 

 

Austenite has FCC crystal lattice, hence it has its atoms are present at              

000, 
2
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2
1

2
1  sites. Ferrite has BCC crystal lattice, hence it has its atoms are present at 000, 
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For ferrite (002) peak, 
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