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ABSTRACT 

Type 21Cr-6Ni-9Mn (21-6-9) stainless steel is a high-nitrogen, high-manganese austenitic 

stainless steel that shows attractive mechanical properties and good general corrosion resistance.  In this 

work the laser weldability of type 21-6-9 steel has been studied to understand the influence of material 

chemical composition and processing parameters on the laser weldability of type 21-6-9 steel.  Bead-on-

plate fiber laser welds were used to generate weld microstructures for a wide range of processing 

parameters.  Sigmajig testing was used to examine solidification crack susceptibility.  Microstructures 

were characterized using light optical microscopy, scanning electron microscopy, and electron 

microprobe analysis.   

For the range of process parameters used, type 21-6-9 steel showed good general laser welding 

behavior.  Bead morphologies equivalent to electron beam welding are possible with fiber laser welding. 

As travel speed increased, porosity increased, but overall porosity levels were less than 0.05 vol-%.  Weld 

metal solidification mode and ferrite content were influenced by solidification rate, initial chemical 

composition, nitrogen loss and temperature gradient.  An improved method to measure weld pool 

solidification rate was developed.   Using top and side view longitudinal sections, the dendrite growth 

direction can be better characterized compared to the typical method only using top view sections. 

A wide range of commercial and experimental heats were used to develop laser weldability 

diagrams for type 21-6-9 steel at three travel speeds, relating chemical composition and processing 

parameters to solidification crack susceptibility.  For primary austenite solidification, phosphorus showed 

a larger influence on solidification crack susceptibility relative to sulfur.  A relationship of P+0.2S was 

developed for total impurity content.  As travel speed increased from 21 to 85 mm/s, the critical Creq/Nieq 

for primary ferrite solidification increased from 1.5 to 1.7.  Compositions below this critical Creq/Nieq 

were crack susceptible. 
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Both Fe-Cr-Ni-N and Fe-Cr-Mn-Ni-N systems were used to model the solid-liquid interface 

temperature for ferrite and austenite.  The interface temperatures were used to predict solidification mode 

as a function of solidification conditions.  The model calculations and experimental observations both 

indicate temperature gradient can affect the solidification rate at which the transition between primary 

ferrite and primary austenite solidification occurs. 
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CHAPTER 1: INTRODUCTION 

1.1 Project Motivation 

In the past, the US Department of Energy (DOE) has used electron beam welding (EBW) to 

process type 21Cr-6Ni-9Mn (21-6-9), a high-nitrogen, high-manganese austenitic stainless steel.  There 

was a desire to consider laser beam welding (LBW) to replace EBW for type 21-6-9 steel.  However, an 

understanding of the laser weldability of type 21-6-9 steel is lacking.  Weldability is defined in the AWS 

A3.0-2010 [1.1] standard as “The capacity of a material to be welded under the imposed fabrication 

conditions into a specific, suitably designed structure performing satisfactorily in the intended service”.  

In high energy density welding of austenitic stainless steels the common defects that cause weldability 

issues are porosity and solidification cracking.  Another weldability consideration is the ability to 

generate the desired weld depth and width (bead morphology).   

 For EBW of type 21-6-9 steel, restrictions on material chemical compositions and careful 

selection of process parameters have been used previously to manage weldability issues.  There is a high 

cost for the special heats required to meet the tight chemical composition requirements of the DOE 

specifications.  Table 1.1 gives the chemical composition limits for both typical commercial 

specifications and DOE specifications for type 21-6-9 steel.  In the DOE specifications, N content is 

limited to prevent out gassing in the weld pool that leads to large amounts of porosity, and impurity 

elements of P and S are limited to reduce solidification cracking susceptibility.  In addition to the costs 

associated with the DOE specification, within the limited range of impurity contents of the DOE 

specification there could still be compositions susceptible to solidification cracking.   

The motivation for this work is both the lack of knowledge of the laser weldability of type 21-6-9 

steel and the high cost associated with the restricted chemical compositions.  An understanding of the 

influence of chemical composition and laser processing parameters on weldability will allow an 

evaluation of the application of laser beam welding to type 21-6-9 steel components.  Also, this work will 
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expand the knowledge of the welding behavior of high-nitrogen, high-manganese austenitic stainless 

steels, and the effect of rapid solidification on austenitic stainless steel solidification. 

 

Table 1.1: Specifications for type 21-6-9 chemical composition (wt-%) 

Element 
Commercial 

(UNS 21904) 

DOE  

(WR 14067)  

Cr 19.0-21.5 19.0-21.5 

Ni 5.5-7.5 5.5-7.5 

Mn 8.0-10.0 8.0-10.0 

N 0.15-0.4 0.2-0.3 

C 0.04 max 0.04 max 

Si 1.0 max 1.0 max 

P 0.06 max 0.02 max 

S 0.03 max 0.02 max 

Fe Balance Balance 
 

 

1.2 Background 

A brief background of topics discussed in the thesis is presented below.  Introductory information 

specific to the work presented in each chapter is given in the introduction section of that chapter.   

1.2.1 High Energy Density Welding 

High energy density welding refers to LBW or EBW where the energy density of the heat source 

can be orders of magnitude greater than typical arc welding sources.  The ability to focus the energy of 

the heat source can be used to create melting and then vaporization of the base material during welding.  

This vaporization generates a keyhole or capillary of vapor that significantly changes the weld pool shape 

compared to arc welding.  High energy density welding offers several benefits when manufacturing 

austenitic stainless steel components.  The keyhole mode beam welding processes allow for increased 

penetration even at low heat inputs which can be advantageous for both weld quality and productivity.  

The low heat inputs reduce distortion and heat-affected-zone size.  The productivity increases are due to 

the higher travel speeds that are possible with high energy density welding. 
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High energy density welding also has disadvantages as well.  The dynamic nature of the keyhole 

fluid flow and stability can lead to porosity, penetration spiking, and cold shut defects.  Figure 1.1 (a) 

shows the nature of the keyhole and the molten pool present during welding.  The keyhole is maintained 

by a balance of surface tension forces and recoil forces due to vaporization [1.2].  During EBW of type 

21-6-9 steel, porosity [1.3, 1.4] and sensitivity to processing parameters [1.5, 1.6] are both known 

weldability issues.  Figure 1.1 (b) shows root porosity typical of type 21-6-9 steel EBW due to instability 

at the root of the keyhole that occurs at high weld aspect ratios.  The rapid solidification conditions of 

high energy density welding can also affect solidification cracking susceptibility of austenitic stainless 

steels, which is discussed in detail in Section 1.2.3. 

 

 

 

(a) (b) 

Figure 1.1: (a) High energy density welding keyhole schematic [1.7]. (b) Root porosity in electron beam 

welded type 21-6-9 steel [1.8]. 

 

Again, EBW has typically been used to process type 21-6-9 steel, but LBW is being considered.  

The recent development of fiber lasers shows the ability to focus to small spot sizes with low beam 

divergence that makes them attractive as welding power sources.  The beam characteristics of fiber lasers 

allow laser beam welding to achieve energy density and weld aspect ratio levels that were once only 
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possible with electron beam welding.  If there are no changes in weldability between electron beam 

welding and fiber laser welding for a given material, the use of laser welding offers several process 

advantages.  The high capital investment, maintenance costs, and reduction in productivity due to vacuum 

requirements of electron beam welding may be avoidable with fiber laser beam welding.   

1.2.2 Austenitic Stainless Steels 

Stainless steels are iron-based materials with good general corrosion resistance which is due to 

the passive chromium oxide film that develops at Cr contents greater than approximately 11 wt-%.  

Austenitic stainless steels are the family of stainless steels that retain their face-centered-cubic austenite 

phase at room temperature.  Alloying elements that stabilize austenite include Ni, Mn, C, N, Cu, and Co.  

Ferrite (body-centered-cubic phase) stabilizers that are commonly present in austenitic stainless steels 

include Cr, Mo, Si, Nb, and Ti.   

Austenitic stainless steels are common structural materials, with the most common being AISI 

300-series which are based on the Fe-Cr-Ni system.  Type 21-6-9 steel is a specialty austenitic stainless 

steel with its higher N and Mn levels.  The N and Mn give high austenite stability with reduced Ni 

content.   The nitrogen is also important for interstitial solid solution strengthening, giving type 21-6-9 

steel approximately double the yield strength of 300-series stainless steels with no loss of corrosion 

resistance [1.9, 1.10]. 

1.2.3 Solidification of Austenitic Stainless Steels 

To evaluate the phase stability of a given chemical composition, austenite stabilizers are grouped 

into a nickel equivalent (Nieq) and ferrite stabilizers into a chromium equivalent (Creq).  Various 

equivalency relationships have been developed by various researchers to predict room temperature 

microstructures and solidification modes.  An excellent review of the equivalencies from D.L. Olson can 

be found in [1.11].  The solidification mode, or first solid to form from the liquid, can be either austenite 

or ferrite depending on the chemical composition of an alloy.  A schematic pseudo-binary phase diagram, 

shown in Figure 1.2, can be used to show the relationship between Cr and Ni equivalents and 
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solidification mode.  At Creq-poor, Nieq-rich compositions the first solid to form is austenite, typically 

termed A and AF solidification mode.  Type A solidification is fully austenitic.  With AF, some ferrite is 

formed during solidification, but solidification mode is still primary austenite.  As the composition shifts 

to higher Creq or lower Nieq the solidification mode can shift to primary ferrite, where ferrite is the first 

solid to form.  Some austenite may form as well during type FA solidification.  The majority of the ferrite 

present from type FA solidification goes through a diffusional solid-state phase transformation to 

austenite during cooling.  Ferrite at the dendrite cores can be enriched in ferrite stabilizers enough to resist 

transformation to austenite and allow residual ferrite to remain upon cooling. 

 

Figure 1.2: Pseudo-binary phase diagram for austenitic stainless steels to represent the various 

solidification modes [1.12]. 

 

The solidification mode of austenitic stainless steels defines characteristics that are important to 

processing where solidification cracking can be an issue, such as welding or casting.  Solidification 

cracking typically occurs along solidification grain boundaries at the terminal stages of solidification.   

Primary ferrite solidification mode has solidification grain boundaries near the end of solidification that 
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are difficult to wet with liquid films, and have a tortuous nature that makes crack propagation difficult 

[1.13, 1.14].  On the other hand, primary austenite solidification grain boundaries are straighter and allow 

crack propagation if low melting temperature films are present [1.12, 1.14].  With the given boundary 

characteristics, primary austenite solidification is sensitive to impurities that cause low melting 

temperature films enriched in elements such as P and S.  Primary ferrite solidification has good 

solidification cracking resistance regardless of impurity content. 

Ferrite content is often used to determine solidification cracking resistance, because it is easily 

measured with non-destructive testing.  However it is important to consider that the solidification mode is 

the dominant factor in determining solidification crack susceptibility compared to ferrite content.  

Forming ferrite in the AF solidification mode does not change the solidification crack susceptibility.  It is 

possible for some alloys to show ferrite levels that are high enough to typically be considered crack 

resistant (approximately 5 vol-%) but still undergo primary austenite solidification and be crack 

susceptible.  The ferrite must be formed through primary ferrite solidification to reduce crack 

susceptibility. 

In addition to alloy composition, solidification rate is also known to influence solidification 

mode.  The rapid solidification conditions of high solidification rates and high temperature gradients 

present during high energy density welding can cause a shift in solidification mode.  Also, even within 

high energy density welding variations in process parameters can lead to large changes in solidification 

conditions.  At compositions where primary ferrite would be expected during arc welding, a shift to 

primary austenite can occur during high energy density welding [1.15–17].  The shift in solidification 

mode under rapid solidification is attributed to increased undercooling at the dendrite tip increasing the 

stability of austenite relative to ferrite [1.18–20].  The shift in solidification mode is considered a function 

of solidification rate, with no discussion on the effect of temperature gradient in the literature. 
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1.2.4 Solidification Crack Susceptibility Testing 

A variety of solidification crack susceptibility test techniques have been developed, and are 

sometimes referred to as weldability testing.  There are self-restraint test techniques where the cracking is 

induced by the thermo-mechanical conditions generated during welding with specific sample geometries.  

The other type of test technique, known as simulative tests [1.12], apply an external load to the sample to 

promote cracking.  The simulative test techniques provide better repeatability of results and improved 

quantification of crack susceptibility compared to self-restraint tests [1.12].  Two common simulative test 

techniques are the Varestraint and Sigmajig tests. The Varestraint or variable restraint test was developed 

at Rensselaer Polytechnic Institute [1.21].  In the Varestraint test the sample is bent around a radius die, 

applying an augmented strain during welding.  The Sigmajig test involves applying a tensile preload to 

the sample prior to welding across the sample.  The name Sigmajig refers to the greek symbol typically 

used for stress, σ, and comes from the researcher who developed the test at Oak Ridge National 

Laboratory [1.22]. 

1.3 Research Objectives 

The overall objective for this work was to understand the influence of material chemical 

composition and processing parameters on the laser weldability of type 21-6-9 steel.  Two different areas 

of weldability were examined.   

The first topic was the general laser welding behavior of type 21-6-9 steel.  In the general welding 

behavior research the objective was to characterize bead morphology, porosity, and weld metal 

microhardness of laser welded type 21-6-9 steel for a wide range of processing parameters for material 

within the DOE composition limits.  This work would advance the understanding of the influence of 

process parameters on weldability for laser welding, paralleling knowledge that exists for EBW of type 

21-6-9 steel.  Detailed analysis on this general laser welding behavior was not pursued, as the focus of the 

work was the solidification behavior and solidification crack susceptibility. 
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The second weldability issue and main focus of this research was solidification cracking.  A large 

portion of the solidification cracking research was to understand the solidification behavior of laser 

welded type 21-6-9 steel.  The reason to examine solidification behavior is that solidification behavior 

controls solidification mode, and solidification mode plays a large role in solidification crack 

susceptibility.  The research on solidification cracking of laser welded type 21-6-9 steel had four 

objectives: 

1) Determine the effects of alloying element loss, solidification rate and temperature gradient on 

variation in solidification mode. 

2) Establish the relationship between alloy composition (in terms of Creq/Nieq) and solidification 

mode for a variety of solidification conditions. 

3) Determine the effects of impurity elements of P and S on solidification crack susceptibility in 

type 21-6-9 steel. 

4) Use solidification theory to model the changes in solidification mode observed and relate the 

changes to solidification conditions. 

Solidification mode and solidification crack susceptibility are a function of both chemical 

composition (alloy composition and impurity content) and solidification conditions.   Relating chemical 

composition and solidification conditions to solidification mode and solidification crack susceptibility 

would advance the ability to predict solidification cracking for laser welded type 21-6-9 steel based on 

chemical composition and processing conditions. 

1.4 Organization of Thesis 

The remainder of the thesis is organized into chapters written as standalone publications 

presenting the methods, results and discussion of each topic, and finally a summary chapter.  Following 

this introduction, Chapter 2 is a conference proceedings paper examining the general laser welding 

behavior of type 21-6-9 steel, discussing bead morphology, porosity, nitrogen loss, and weld metal 

microhardness.  The general laser welding behavior was compared to electron beam welding of type 21-6-
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9 steel from literature.  After examining the general laser welding behavior of type 21-6-9 steel, the 

research shifted to a detailed examination of the solidification behavior of laser welded type 21-6-9 steel.   

Chapter 3 is a peer reviewed journal paper resulting from the solidification behavior characterization 

work.  The influence of solidification rate, temperature gradient, and nitrogen loss on weld metal ferrite 

content and solidification mode were discussed.  Further analysis of the solidification rate led to the 

development of an improved method for measuring weld solidification rates.  The improved solidification 

rate measurement technique and the impact of the solidification rate on the results of Chapter 3 are 

presented in Chapter 4. 

To expand on the solidification behavior work, the effect of chemical composition on 

solidification mode and solidification crack susceptibility was examined.  Chapter 5 is a journal paper that 

presents the work on the effect of chemical composition on solidification cracking with two foci: the 

effect of sulfur and phosphorus on cracking with primary austenite solidification, and the development of 

a laser weldability diagram to relate solidification mode and impurity content to crack susceptibility.  The 

weldability diagram was developed using a wide range of type 21-6-9 steels of both commercial and 

experimental production, as well as additional high-nitrogen, high-manganese austenitic stainless steels.  

To describe the changes in solidification behavior observed throughout the work, a model calculating 

solid-liquid interface temperatures was used to estimate solidification mode as a function of solidification 

conditions and alloy composition.  Chapter 6 presents the modeling work correlating solidification 

conditions to solidification mode.  The conclusions and summary of the work on the laser weldability of 

type 21-6-9 steel are given in Chapter 7. 

All Chapters 2-6 are multi-author publications where the primary researcher was the thesis 

author, Stephen Tate.  The co-author for Chapters 2-6 was Dr. Stephen Liu who provided oversight and 

guidance.  
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CHAPTER 2:   FIBER LASER WELDING OF HIGH-N, HIGH-MN AUSTENITIC 

STAINLESS STEEL 

Copyright 2014, Laser Institute of America, Orlando, Florida. The Laser Institute of America 

disclaims any responsibility or liability resulting from the placement and use in the described manner. 

This chapter is modified from a paper published in the proceedings of International Congress on 

Applications of Lasers and Electro-Optics 2014.  No content has been changed, only the formatting has 

been adapted to the thesis format.  The weldability aspects (other than solidification cracking) that are 

known issues for electron beam welding of type 21-6-9 steel were investigated for laser beam welding.   

 

Stephen Tate and Stephen Liu 

 

2.1 Abstract 

In this work the welding behavior of alloy 21Cr-6Ni-9Mn has been characterized for fiber laser 

beam welding.  Bead morphology, porosity formation, alloying element loss and microhardness of bead-

on-plate welds were analyzed for a wide range of processing parameters.   

At high travel speeds the depth-to-width ratio reached an asymptotic limit for a given laser power.  

Bead shapes similar to electron beam welding were observed at high travel speeds; at lower travel speeds 

typical hourglass bead shapes were observed. Active zone porosity, gas porosity, and cold shut defects 

were all observed.  An increase in porosity was observed as travel speed increased.  The change in 

porosity formation is likely related to changes in keyhole stability.  The porosity size and shape was 

different than that typically observed in electron beam welding.  Nitrogen loss was approximately 10-20 

wt-% of the initial base metal nitrogen content, similar to the nitrogen loss observed in electron beam 

welding.  Nitrogen loss decreased as travel speed decreased in the upper portion of the weld metal.  No 

change in microhardness was found between base metal and weld metal.  Considering the loss of nitrogen 
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which provides solid-solution strengthening, the similar hardness in weld metal and base metal may 

indicate strengthening though microstructural refinement.   

2.2 Introduction 

The high-nitrogen, high-manganese austenitic stainless steels are attractive structural materials 

that show good corrosion properties and enhanced mechanical properties relative to 300 series stainless 

steels [2.1, 2.2].   In the past electron beam welding (EBW) has been used for manufacturing of these 

materials.  However fiber lasers offer several advantages that make laser beam welding (LBW) attractive 

to replace EBW.  Laser beam welding does not require the complex vacuum systems used in EBW, 

reducing cycle times due to no waiting for chamber pump down and minimizing welding equipment 

maintenance requirements.   

The high-nitrogen, high-manganese austenitic stainless steel type 21Cr-6Ni-9Mn (21-6-9) was 

used for this work.  The high nitrogen content increases austenite stability and provides interstitial solid-

solution strengthening.  Electron beam weld quality of type 21-6-9 steel is known to be sensitive to 

processing parameters, with the common welding defects being porosity and surface roughness [2.3–8]. 

Limited knowledge of the laser welding behavior of the high-nitrogen, high-manganese austenitic 

stainless steels exists.  Laser beam welding of type 21-6-9 steel reported thus far shows no issues with 

porosity, but only at a limited range of processing parameters [2.9–12].  A study including a wide range 

of processing parameters and a comparison between the laser and electron beam welding performance 

was desired.  The purpose of this study was to examine the laser welding behavior of type 21-6-9 steel 

under a wide range of processing parameters and to characterize bead morphology, porosity formation, 

nitrogen loss, and weld metal hardness change.     

2.3 Experimental 

A variety of processing parameters were used to produce autogenous bead-on-plate laser welds 

on type 21-6-9 steel material.  Welding was done with a 1kW multimode IPG fiber laser with 100 μm 

process fiber, 120 mm length collimator and 200 mm focal length lens, giving a theoretical spot diameter 
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of 167 μm.   All welding was done with sharp focus on the material surface and argon shielding gas 

flowing at 12 L/min through a nozzle transverse to the welding direction and at a 45° angle to the sample 

surface.  The laser optics were tilted 7° off normal relative to the sample to reduce back reflection.  Figure 

2.1 shows the experimental setup with sample, welding optics, shielding gas delivery, and motion system.   

The range of processing parameters (laser power and travel speed) that were varied is shown in 

Table 2.1.  The processing parameters were chosen to represent ranges practical for keyhole laser 

welding.  Heat 2 was welded at higher travel speeds and was analyzed for bead morphology, porosity 

formation and weld metal nitrogen loss.  Bead morphology was analyzed by taking three transverse cross-

sections of each weld.  Porosity formation was characterized by taking longitudinal centerline sections.   

 

 

(a)                                             (b) 

Figure 2.1: Photograph of experimental setup; (a) Side view, (b) View along axis of rotation. 
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Centerline sectioning was done by facing the welds on a lathe until the center of the weld bead was 

exposed.  For all cross-sections, standard metallographic polishing procedures were used, and electrolytic 

etching was done with 10% oxalic acid.    Bulk nitrogen loss was analyzed using Leco inert gas fusion 

technique with machined samples containing only weld metal.  Spatial variation of nitrogen content of the 

weld metal at multiple locations along the transverse cross-section was evaluated using electron micro-

probe analysis (EMPA) on a JEOL JXA8600 with wavelength dispersive spectroscopy (WDS).   The 

WDS was calibrated to the nitrogen content of the base metal which was previously determined using 

Leco inert gas fusion technique.   Mechanical property changes were characterized on a second set of 

welds (Heat 1, welded at lower travel speeds) using Vickers micro-hardness with a 200 g load and 10 s 

dwell time.   Note that it was not possible to duplicate all processing parameters and analysis for both 

heats of material due to the small quantities of each material available.   

 

Table 2.1: Welding Parameters used in the Experimental Program. 

Travel Speed Laser Power (W) 

mm/s in/min 500 700 900 1100 

6.4 15 Heat 1 Heat 1 Heat 1 Heat 1 

12.7 30 Heat 1 Heat 1 Heat 1 Heat 1 

19.1 45 Heat 1 & Heat 2 Heat 1 & Heat 2 Heat 1 & Heat 2 Heat 1 & Heat 2 

23.3 55 Heat 1 Heat 1 Heat 1 Heat 1 

31.8 75 Heat 2 Heat 2 Heat 2 Heat 2 

44.5 105 

 

Heat 2 Heat 2 Heat 2 

57.2 135 

  

Heat 2 Heat 2 

69.9 165 

  

Heat 2 Heat 2 

82.6 195 

   

Heat 2 
 

 

  

Table 2.2 lists the chemical composition of the two type 21-6-9 steel heats used.  Both heats were 

in the mill-annealed condition.  Heat 2 material was solid 76 mm outer diameter bar stock welded 
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circumferentially around the bar. Heat 1 material was 76 mm outer diameter, 64 mm inner diameter 

tubular rounds machined from bar stock and welded linearly along the bar axis.  

 

Table 2.2: Material Compositions used in the Experimental Program (wt-%). 

Element Heat 1 Heat 2 

Cr 19.89 19.93 

Ni 6.55 6.51 

Mn 8.96 8.93 

N 0.21 0.30 

C 0.035 0.04 

Si 0.49 0.54 

Mo 0.10 0.103 

Nb 0.019 0.019 

Cu 0.016 0.020 

V 0.039 0.040 

Al 0.032 0.034 

S 0.001 0.001 

P 0.016 0.019 

O 0.0017 0.0013 
 

 

2.4 Results and Discussion 

This section contains the results and discussion from bead morphology, porosity, nitrogen loss, 

and microhardness analysis. 

2.4.1 Bead Morphology 

To characterize the changes in bead morphology with processing parameters the bead shape, weld 

penetration depth, weld width at 50% penetration and weld aspect ratio were examined.  Figure 2.2 shows 

the bead shape typical of welds throughout the travel speed range used.  The lower travel speed welds 

showed typical hourglass morphology.  As travel speed increased the bead top width decreased.  Similar 

bead shapes are reported in literature for continuous wave Nd:YAG welding of type 21-6-9 steel at low 

travel speeds [2.9, 2.11].  As travel speed increased the bead shape transitioned to straight and parallel 
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keyhole sides.  The bead shape observed at high travel speeds with uniform deep penetration matches that 

typical of sharp focus EBW [2.4, 2.13].   

 

 

(a)                                                (b) 

 

 (c)                                                (d) 

Figure 2.2: Macrographs of welds made at 1100W; (a) 6.4mm/s, (b) 31.8 mm/s, (c) 57.2 mm/s, (d) 82.6 

mm/s.   

 

Bead shape was similar for different laser powers at the same travel speed.  Figure 2.3 shows the 

weld penetration as a function of travel speed for the varying laser powers used.  Penetration decreased as 

travel speed increased similarly for all laser powers.  Penetration depths observed were slightly less than 
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those compared to reported values for EBW of type 21-6-9 steel, particularly at lower travel speeds 

[2.13].  The penetration depths showed greater variability at low travel speeds.    

 

  

Figure 2.3: Weld penetration depth as a function of travel speed for laser powers of 500-1100 W with Ar 

shielding gas and 167μm laser spot size. 

 

  Figure 2.4 shows weld width as a function of travel speed, as measured at 50% of penetration to 

give an indication of keyhole width.  Weld width decreased as travel speed increased for all levels of laser 

power.  At the lowest travel speeds a difference in bead width was observed between laser powers, with 

weld width increasing as laser power increased.  However as travel speed increased above approximately 

40 mm/s, the weld width was approximately independent of laser power.  The weld width appears to be 

approaching a minimum at high travel speeds. 

Weld aspect ratio as a function of travel speed is shown in Figure 2.5.  For all laser powers, 

aspect ratio increased as travel speed increased.  Laser powers of 900 and 1100 W where higher travel 

speed welds were made show an asymptotic limit to aspect ratio at the highest travel speeds.  At these  
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Figure 2.4: Weld width at 50% penetration as a function of travel speed for laser powers of 500-1100 W 

with Ar shielding gas and 167μm laser spot size. 

 

highest travel speeds, when the penetration and weld width are decreasing with increasing travel speed 

and the aspect ratio no longer changes, the weld metal is decreasing in size uniformly.  The maximum 

aspect ratio increased with increasing laser power.  Observed aspect ratios for this work were higher than 

those reported for other fiber laser welding of type 21-6-9 steel [2.12], likely due to differences in 

welding optics. The literature experimental setup gave a theoretical laser spot diameter of 250 µm 

compared to 167 µm for the system in this work. The minimum width the welds seem to approach in 

Figure 2.4 is likely a function of the laser spot diameter, indicating that for the 250 µm spot diameter 

optics the minimum weld width would increase. 
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Figure 2.5: Weld aspect ratio (D/W) as a function of travel speed for laser powers of 500-1100 W with Ar 

shielding gas and 167μm laser spot size. 

 

2.4.2 Porosity 

Centerline sectioning was used to study the porosity formation in the Heat 2 welds.  Considering 

the acceleration of the motion system, the initial and final portions of weld were ignored and the middle 

steady state portion of the weld was analyzed for voids.  This gave 75 mm of weld length to analyze for 

each processing condition.  Several different types of void defects were observed: gas porosity, cold  

shuts, and active zone porosity [2.14].  Representative micrographs of these defects are shown in Figure 

2.6, Figure 2.7, and Figure 2.8, respectively.  The weld microstructure in all three micrographs shows 

cellular primary austenite solidification.  Gas porosity was characterized by its small, spherical shapes 

indicative of a gas bubble trapped in the solidifying liquid.  The gas porosity observed was typically small 

(<50 μm) and occurred randomly throughout the weld cross-section.  The occurrence of gas porosity is 

not surprising with the high nitrogen levels in type 21-6-9 steel, knowing that nitrogen loss occurs during 
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high energy density welding of high nitrogen alloys [2.3, 2.15].  However, gas voids of this small size 

have only been reported in the partially melted zone [2.16].   

 

   

Figure 2.6: Circular gas porosity in 700 W, 44.5 mm/s weld. 

 

 

Figure 2.7: Cold shut defect in 900 W, 19.1 mm/s weld. 
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Figure 2.8: Active zone porosity in 700 W, 44.5 mm/s weld. 

 

Cold shut defects occur in high-energy density welding when molten material flows downward to 

fill the keyhole as the beam travels on, but the material does not fuse to the existing material [2.17, 2.18].   

The cold shut type porosity was always located at the weld root, as expected for this type of defect.  Also 

note the root irregularity shown in Figure 2.7.  Cold shut defects are typically observed in the spikes of 

the root irregularity. 

Active zone porosity is attributed to violent keyhole fluid motion (keyhole instability) trapping 

voids along the keyhole [2.14, 2.19].  The active zone porosity observed in this work was typically 

elliptical in shape with the major axis oriented parallel to the solidification front as shown in Figure 2.8.  

As travel speed increased, the location in the weld cross-section where active zone porosity was found to 

move closer to the weld surface.  Figure 2.9 shows schematically the change in active zone porosity 

location with increasing travel speed.  The higher travel speeds showed voids at higher locations in the 

weld cross section.  The change in regions where the active zone porosity occurred indicates an increase 

in the height within the keyhole where the keyhole instability occurs as travel speed increases. 
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The total void area per cross-section was quantified to provide area fraction of voids for each 

weld.  The area fraction of voids (represented in percent) as a function of aspect ratio is shown in Figure 

2.10.  Aspect ratio was chosen as the independent variable because it has been used to characterize 

 

 

Figure 2.9: Schematic representation of active zone void regions shifting as travel speed increased. 

 

porosity behavior in EBW of type 21-6-9 steel and aspect ratio can also be considered an indication of 

keyhole stability, with increasing aspect ratio indicating decreasing keyhole stability.  The amount of 

porosity increases for some of the welds of aspect ratios of four and greater.  However, some of the high 

aspect ratio welds show reduced amounts of porosity.  Overall, the area fraction of porosity is very low 

when compared with type 21-6-9 steel EBW; high porosity in the electron beam welds is at approximately 

one percent porosity [2.20].  This small amount of porosity may not be a concern for weld quality.  

Given the size of the void apparent in a centerline section is heavily dependent on the depth of the 

cross section relative to the actual weld centerline and the porosity location relative to the weld centerline, 

the number of voids per section was also considered.  Also the cold shut defects contribute very little to 

the porosity area, but are considered more detrimental to mechanical properties due to the crack-like 
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nature of the discontinuity [2.18].  Considering the number of voids present provides another indicator of 

weld quality.   

The number of voids as a function of aspect ratio is shown in Figure 2.11.  There is an increase in 

number of voids for aspect ratios greater than four; although high-aspect-ratio welds at lower travel 

speeds (19.1 and 31.8 mm/s) show lower numbers of voids.  All the welds with large numbers of voids 

were at travel speeds of 44.5 mm/s or greater.   

 

Figure 2.10: Porosity area percent as a function of weld aspect ratio for the range of travel speeds. 

 

While porosity is increased at high travel speeds in LBW of type 21-6-9 steel, the voids are not 

the large root voids expected during EBW at high aspect ratios [2.8].  The decrease in porosity area 

fraction observed compared to EBW of type 21-6-9 steel is likely due to the large voids that are reported 

for EBW.  Similarly, no large root voids were reported in previous work on LBW of type 21-6-9 steel 

[2.10, 2.12].  As mentioned previously, the voids were not located solely at the root.  The observed 
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difference in porosity behavior between laser welding and EBW may be an effect of vacuum conditions 

during EBW, or an effect of the keyhole shape.  The vacuum during EBW would change nitrogen 

solubility and nitrogen out gassing behavior in the weld pool, possibly increasing the propensity for root 

voids.  However work on other materials with laser welding under vacuum showed no change in root void 

behavior [2.21, 2.22].  The change in keyhole shape between EBW and LBW, particularly tip radius, 

could cause the difference in root porosity formation.  This observation agrees with results reported on 

electron beam keyhole spiking where keyhole stability increases at larger tip radii [2.17]. 

 

 

Figure 2.11: Number of voids in the 75 mm long section as a function of weld aspect ratio. 

 

2.4.3 Nitrogen Loss 

Three conditions from the Heat 1 welds (19.1, 44.5, and 69.9 mm/s travel speed at 900 W laser 

power) were analyzed using WDS to measure nitrogen loss in the welds.  Each sample was analyzed at 
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four locations: base metal, weld surface, 50% penetration and weld root, as shown in the inset image in 

Figure 2.12.   

The WDS counts were corrected to weight percent using the base metal nitrogen content reported 

from inert gas fusion technique.  Reported values are the average of 8 to 10 spot scans in each area.  

Figure 2.12 shows the nitrogen content of the different areas for the three welds.    Although there is 

significant scatter in the data, it appears nitrogen loss in the weld metal was detected.  The weld surface 

region tends to show increased loss compared to the middle and root locations.  With the upper portion of 

the keyhole being the last to solidify, possibly the increased amount of time in the molten state allows for 

increased nitrogen loss.  The increased nitrogen loss at low travel speeds also supports this hypothesis, 

with longer solidification times at lower travel speeds. 

 

 

Figure 2.12: Nitrogen content of base metal and three weld metal locations (as indicated in inset image), 

measured using EMPA. 

 

The weld metal nitrogen loss relative to base metal nitrogen content was calculated.  Figure 2.13 

shows the percent loss in nitrogen content as a function of travel speed for the three locations in the weld 
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metal.  The low travel speeds show increased nitrogen loss, particularly at the weld surface.  Increased 

nitrogen loss at low travel speeds may be related to the longer time for nitrogen to effuse with longer 

solidification time or a larger molten surface area compared to the high travel speed welds.  Literature 

shows increased manganese loss at low travel speeds during laser welding of similar alloys due to the 

larger weld surface area at lower travel speeds [2.23].  Laser welding of an alloy similar to type 21-6-9 

steel, but with higher nitrogen content (18Cr-12Mn-0.6N) showed similar increased nitrogen loss at lower 

travel speeds and also large nitrogen loss of approximately 25 wt-% [2.15]. 

 

 

Figure 2.13: Percent nitrogen loss in weld metal as a function of travel speed for three locations along the 

weld cross-section. 

 

Considering the average percent nitrogen loss, shown in Table 2.3, calculated from EMPA and 

bulk weld metal samples analyzed using inert gas fusion analysis, the EMPA measurements show similar 

trends to the bulk samples.  Both show increased loss at the lowest travel speed.  The percent loss is lower 

analyzed by inert gas fusion relative to the EMPA.  This difference may be due to the weld overfill being 
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machined off in preparation of the bulk samples.  Also the uncertainties in EMPA measurements could 

contribute to the difference between techniques. 

Considering the inert gas fusion data, similar nitrogen loss is observed for both laser welding and 

EBW.  Brooks [2.3] showed 9-16 wt-% nitrogen loss measured from bulk inert gas fusion samples during 

EBW of type 21-6-9 steel.   

 

Table 2.3: Weld metal nitrogen loss 

Travel Speed 

(mm/s) 

EMPA N 

Loss (wt-%) 

Inert Gas Fusion N 

Loss (wt-%) 

19.1 26 13 

44.5 12 7 

69.9 14 10 

 

2.4.4 Microhardness 

Vickers microhardness indents in both the base metal and weld metal were used to examine the 

mechanical property changes of the Heat 1 welds.  Table 2.4 shows the microhardness for weld metal, 

base metal, and the resulting difference.  Sigma (σ) represents one standard deviation for the indent 

readings in each area.   Observations can be made on the changes between base metal and weld metal 

hardness, but it must be kept in mind that the small changes observed between conditions are sometimes 

smaller than the standard deviation of the measurements.   

The standard deviations of weld metal hardness tended to increase as travel speed decreased for a 

given laser power.  The change in scatter among the weld metal hardness data may be an indication of 

increased spatial variation in weld metal nitrogen content as travel speed decreases, causing more local 

variation in hardness.   

Literature shows a slight hardness increase for laser welding of type 21-6-9 steel with processing 

parameters of 400 W and 16.9 mm/s [2.12].  The hardness increase reported in that work of 

approximately 20 HV was much larger than those of similar processing parameters observed here, but the 
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agreement between the two data indicate the hardness increase observed in some lower power welds here 

may be realistic.  As laser power increases, an increase in hardness drop between base metal and weld 

metal is observed.  This observation may be an indication of increasing nitrogen loss as laser power 

increases.  Unfortunately the variation in nitrogen loss with laser power was not analyzed.     

Overall, it does not appear any considerable mechanical property changes occur in the weld metal.  

Similarly, during EBW of type 21-6-9 steel no difference in microhardness between base metal and weld 

metal is reported [2.24].  Given the difficulty drawing conclusions about weld metal mechanical property 

changes from the hardness data, work on small-scale tensile testing of weld metal and base metal is in 

progress [2.25]. 

 

Table 2.4: Base metal and weld metal microhardness 

Weld Parameters Base Metal (BM) Weld Metal (WM) Difference 

Power (W) 

Travel 

(mm/s) 

Average 

(HV200) σ 

Average 

(HV200) σ 

BM-WM 

(HV200) 

500 6.4 266 5.5 263 10.1 3 

500 12.7 263 5.2 263 7.4 0 

500 19.1 262 5.5 266 8.4 -4 

500 23.3 272 5.6 276 7.2 -4 

700 6.4 254 9.2 241 6.5 13 

700 12.7 268 9.7 267 7.1 1 

700 19.1 261 3.2 264 8.4 -3 

700 23.3 256 8.9 266 7.1 -10 

900 6.4 242 6.3 230 12.5 12 

900 12.7 261 8.5 249 6.8 12 

900 19.1 268 4.3 255 6.0 13 

900 23.3 269 4.3 261 9.2 8 

1100 6.4 257 10.1 254 14.9 3 

1100 12.7 259 10.2 247 5.9 12 

1100 19.1 263 8.0 248 4.0 15 

1100 23.3 272 6.4 252 3.3 20 
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The high nitrogen levels in type 21-6-9 steel are to provide interstitial solid-solution 

strengthening.  Considering there is little change in hardness in the weld metal and nitrogen loss occurs, 

there are likely other mechanisms playing a role in the weld metal mechanical properties.  The fine 

solidification microstructure features observed in laser welded type 21-6-9 steel [2.26] may contribute to 

strengthening of the weld metal, accounting for some of the strength decrease expected with nitrogen loss.   

2.5 Conclusions 

1. The bead morphology of fiber-laser welded type 21-6-9 steel varies widely with 

processing parameters.   

2. Porosity formation in laser beam welded type 21-6-9 steel increases as travel speed 

increases, but even at high travel speeds the porosity is significantly less than what is 

observed in EBW at high aspect ratios. 

3. Nitrogen loss during laser beam welding is similar on a bulk scale to those in EBW of 

type 21-6-9 steel.  The nitrogen loss is greater at lower travel speeds. 

4. No substantial changes in weld metal microhardness occur due to laser beam welding of 

type 21-6-9 steel. 
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CHAPTER 3:  SOLIDIFICATION BEHAVIOR OF LASER WELDED TYPE   

21CR-6NI-9MN STAINLESS STEEL 

This chapter is modified from a paper published in the journal of Science and Technology of 

Welding and Joining [3.1]. The formatting has been adapted to the thesis format, and a comparison of the 

constitution diagram calculations has been added that was not included in the original paper.  A detailed 

analysis of the influence of solidification behavior on solidification mode in laser welded type 21-6-9 

steel is presented. 

 

Stephen Tate and Stephen Liu 

 

3.1 Abstract 

The solidification mode and microstructures were characterized for various processing parameters 

for laser welding 21Cr-6Ni-9Mn stainless steel.  Two heats with varying nitrogen content showed both 

primary ferrite and primary austenite solidification.  Weld ferrite content varied from 1-11 vol-%, and 

decreased as travel speed increases.  Base metal nitrogen content affected both solidification mode and 

weld ferrite content.  Nitrogen loss from the weld pool was found to range from 10-45% using electron 

microprobe analysis, and decreased with increasing travel speed.  Solidification mode was dependent on 

both chemical composition and processing parameters.  The solidification mode shifted from primary 

ferrite to primary austenite as travel speed increased due to increased undercooling.  Solidification mode 

varied within welds with constant nitrogen content, and the change in solidification mode was attributed 

to changes in undercooling along the weld cross-section.  It is proposed that the variation of solidification 

mode with undercooling is affected by both the solidification rate and thermal gradient.  The Espy-

modified Schaeffler diagram was found to provide the best estimates of weld metal ferrite content.  

Finally comparison of the weld metal solidification mode and ferrite content of laser welded type 21-6-9 

steel with those predicted by the constitution diagrams was considered.    
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3.2 Introduction 

Type 21Cr-6Ni-9Mn (21-6-9) stainless steel (also known as Nitronic 40) is a high-nitrogen, high-

manganese austenitic stainless steel, where nitrogen is an interstitial solid-solution strengthener.  Type 21-

6-9 steel offers improved mechanical properties relative to 300 series stainless steels with no loss of 

corrosion resistance [3.2].   High manganese contents promote nitrogen solubility, reducing nitride 

precipitation which enhances both mechanical properties and corrosion performance [3.3].  Nitrogen 

being a strong austenite stabilizer helps to create a fully austenitic structure in type 21-6-9 steel even at 

low temperatures or after cold work.  However, increased levels of austenite stabilizers in austenitic 

stainless steels can lead to concerns of primary austenite solidification upon welding, where solidification 

crack susceptibility increases.  The increase in solidification cracking susceptibility of austenitic stainless 

steel weld metal when primary austenite solidification occurs is well known [3.4–8].  Both chemical 

composition variation and range of welding parameters affect the solidification mode of austenitic 

stainless steels.  The changes in solidification mode due to chemical composition and solidification rate 

are well characterized for 300 series stainless steels [3.9–14].  However, the solidification behavior of 

type 21-6-9 steel with high nitrogen and high manganese content is slightly different than the 300 series 

stainless steels.  It is known that nitrogen is a strong austenite stabilizer, and with the large coefficients for 

nitrogen in nickel equivalent formulas, small variations in nitrogen content could change the primary 

solidification mode.  Manganese in austenitic stainless steels is known to be a weak austenite stabilizer at 

low (1-2 wt-%) concentrations, however higher levels of manganese promote primary ferrite 

solidification [3.15, 3.16].  

Laser welding offers several benefits when manufacturing austenitic stainless steel products:  

reduced heat input compared to arc welding and high travel speeds increasing production throughput.  

One of the potential concerns of laser welding austenitic stainless steels is the change in solidification 

behavior of laser welding.  It has been shown that the high solidification rates of high energy density 

welding at high travel speeds in austenitic stainless steels can cause a shift to primary austenite 

solidification when primary ferrite solidification mode would be expected [3.10, 3.12, 3.13, 3.17].  The 
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high solidification rates increase undercooling at the solidification front, increasing the stability of the 

austenite relative to the ferrite [3.13].  This behavior allows the shift to primary austenite solidification to 

occur at higher Creq/Nieq ratios during the rapid solidification conditions of laser welding, changing the 

range of compositions that are susceptible to solidification cracking [3.13, 3.14].  It is also known that 

vaporization of alloying elements occurs when welding high-N, high-Mn stainless steels [3.18–21].  

Brooks [3.18] showed nitrogen losses of up to 16 wt-% in electron beam welding and 20 wt-% in GTAW 

of type 21-6-9 steel.  The loss of nitrogen during welding would tend to shift the solidification mode 

towards lower crack susceptibility. 

Brooks [3.18] demonstrated that type 21-6-9 steel during GTAW behaves similar to 300 series 

stainless steels with regard to solidification crack susceptibility decreasing with primary ferrite 

solidification.  Various constitution diagrams to predict solidification mode and/or weld metal ferrite 

content based on weld metal chemical composition to mitigate solidification cracking have been 

developed for both arc [3.22–25] and laser welding[3.13, 3.14, 3.26].  However the rapid solidification 

behavior of type 21-6-9 steel during laser welding, and possible shift in primary solidification mode has 

not been characterized.  An understanding of the solidification behavior of type 21-6-9 steel during laser 

welding to control solidification mode and final weld metal ferrite content was desired.  This study 

focused on the solidification behavior of type 21-6-9 steel laser welded under a variety of processing 

parameters with material containing two different nitrogen levels.  The effect of chemical composition, 

alloying element loss, solidification rate, and temperature gradient on solidification mode in laser welded 

type 21-6-9 steel was studied.     

3.3 Experimental 

A variety of solidification conditions were produced using autogenous bead-on-plate laser 

welding with two different heats of type 21-6-9 steel.  Welding was done with a 1kW multimode IPG 

fiber laser with 100 μm process fiber, 120 mm collimator and 200 mm focal length lens, giving a 

theoretical spot size of 167 μm.   All welding was done with sharp focus on the material surface and Ar 
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shielding gas flowing at 12 L/min through a nozzle transverse to the welding direction.  The range of 

processing parameters (laser power and travel speed) that were varied is shown in Table 2.1.  Note that all 

processing parameters were not duplicated for both heats of material due to the small quantities of each 

material available.  Heat 1 was used for lower travel speed welding and Heat 2 for higher travel speed 

welding, with some overlapping processing conditions.  Table 2.2 lists the chemical composition of the 

two type 21-6-9 steel heats used.  Heat 1 material was 76.2 mm outer diameter, 63.5 mm inner diameter 

tubular rounds machined from bar stock.  Heat 2 material was solid 76.2 mm outer diameter bar stock.  

Both heats were in the mill-annealed condition.  The chemical composition was determined using optical 

emission spectroscopy (OES) for the majority of the elements, and Leco inert gas fusion techniques for 

oxygen and nitrogen.  The OES calibration was checked using a Nitronic 40 standard.  The results shown 

are the average of three analyses on each heat from an external laboratory.  One standard deviation for 

each element measured is given in the table, represented by σ. 

 

Table 3.1: Welding Parameters used in the Experimental Program. 

Travel Speed Laser Power (W) 

mm/s in/min 500 700 900 1100 

6.4 15 Heat 1 Heat 1 Heat 1 Heat 1 

12.7 30 Heat 1 Heat 1 Heat 1 Heat 1 

19.1 45 Heat 1 & Heat 2 Heat 1 & Heat 2 Heat 1 & Heat 2 Heat 1 & Heat 2 

23.3 55 Heat 1 Heat 1 Heat 1 Heat 1 

31.8 75 Heat 2 Heat 2 Heat 2 Heat 2 

44.5 105 

 

Heat 2 Heat 2 Heat 2 

57.2 135 

  

Heat 2 Heat 2 

69.9 165 

  

Heat 2 Heat 2 

82.6 195 

   

Heat 2 
 

 

The solidification behavior was characterized through microstructural observation. Light optical 

microscopy with microstructural point counting was used to quantify weld metal -ferrite content and 
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solidification mode according to ASTM E-562 [3.27].  Nine areas of a transverse weld cross-section were 

counted with a 100 point rectangular grid for each weld to determine the solidification mode and ferrite 

volume percent.    Standard metallographic polishing procedures were used, and electrolytic etching was 

done with 10% oxalic acid.  For several processing conditions, both nitrogen loss and solidification rate 

were examined to determine their effects on solidification mode.  Longitudinal cross-sections at multiple 

heights (weld depths) were used to measure dendrite growth angle relative to weld direction, and then 

solidification rate (or growth rate of the solid-liquid interface, hereafter referred to as solidification rate) 

was determined using 

 cosVR   

where V is the welding travel speed and θ is the angle between the dendrite growth and weld travel 

direction [3.28].  Nitrogen content of the weld metal at multiple locations along the transverse cross-

section was evaluated using electron micro-probe analysis (EMPA) on a JEOL JXA8600 with wavelength 

dispersive spectroscopy (WDS).   The WDS was calibrated to the nitrogen content of the base metal 

which was previously determined using Leco inert gas fusion technique. 

 

Table 3.2: Material Compositions used in the Experimental Program (wt-%). 

Element Heat 1 Heat 1 σ Heat 2 Heat 2 σ 

Cr 19.89 0.03 19.93 0.02 

Ni 6.55 0.05 6.51 0.21 

Mn 8.96 0.07 8.93 0.03 

N 0.21 0.006 0.30 0.009 

C 0.035 0.004 0.04 0.007 

Si 0.49 0.003 0.54 0.012 

Mo 0.10 0.0004 0.103 0.0017 

Nb 0.019 0.0004 0.019 0.0013 

Cu 0.016 0.001 0.020 0.006 

V 0.039 0.001 0.040 0.003 

Al 0.032 0.001 0.034 0.001 

S 0.001 0.0001 0.001 0.0001 

P 0.016 0.001 0.019 0.001 
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3.4 Results and Discussion 

This section contains the results and discussion from the microstructural characterization, 

solidification rate measurement, nitrogen loss measurement, and ferrite prediction calculations. 

3.4.1 Microstructural Characterization: Solidification Mode and Ferrite Content 

Heat 1 material was welded with lower travel speeds, ranging from 6.4 to 23.3 mm/s.  Figure 3.1 

shows the weld metal microstructure typical of the Heat 1 welds with primary ferrite solidification and 

skeletal ferrite in a matrix of austenite.  Heat 1 welds showed primary ferrite solidification throughout the 

weld metal for all processing parameters examined in this work.  Heat 2 material was welded with travel 

speeds ranging from 19.1 to 82.6 mm/s, giving an overlap in processing conditions between the two 

different heats.  All Heat 2 welds exhibited dual solidification modes, with a mixture of primary ferrite 

and primary austenite solidification.  The solidification mode of Heat 2 welds varied with location in the 

weld cross-section and travel speed.  Figure 3.2 shows the various weld metal microstructures of the Heat 

2 material.  For Heat 2 welds, dendritic primary ferrite solidification was predominant at lower travel 

speeds, and in the upper portion of the welds at higher travel speeds.  The area of primary ferrite 

solidification decreased as travel speed increased, and the amount of cellular primary austenite 

solidification increased.  The root of all welds of Heat 2 material showed primary austenite solidification. 

 

 

Figure 3.1: Skeletal ferrite with dendritic morphology typical of the Heat 1 welds. 
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(a) 

  

(b) 

 

(c) 

Figure 3.2: Heat 2 weld microstructures: a dendritic skeletal ferrite from primary ferrite solidification; b 

transition from primary austenite to primary ferrite solidification with fusion line visible 

at right; c fine cellular primary austenite solidification typically found at weld root. 
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The difference in solidification modes between Heat 1 and Heat 2 materials is accounted for by 

the two materials difference in chemical composition.  Heat 2 shows increased austenite stabilizers 

compared to Heat 1, with higher N content.  No solidification cracking was observed regardless of 

solidification mode, which was attributed to the low impurity content of both heats of material.   

Figure 3.3 shows the average ferrite volume fraction as a function of heat input for all processing 

parameters.  Ferrite content increased with increasing heat input for both heats of material.  A difference 

in ferrite content between Heat 1 and Heat 2 at similar heat inputs was observed, likely due to the 

differences in chemical composition.  There was a larger variation in ferrite content at a given heat input 

for the Heat 2 material, which may be due to the larger range of travel speeds for Heat 2 welds.   

 

 

Figure 3.3: Weld metal ferrite content as a function of heat input for both heats of type 21-6-9 steel. 

 

To compare Heat 1 and Heat 2 ferrite contents at the overlapping process parameters, ferrite 

content as a function of travel speed was plotted.  Figure 3.4 shows the average ferrite volume fraction for 
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each set of processing parameters, i.e. ferrite content as a function of travel speed, with each point at a 

given travel speed representing different laser powers.  The ferrite content did not appear to be related to 

laser power, with data from welds made at 500 to 1100W merging into one band for each heat of material.  

The ferrite content decreased as travel speed increased for both heats of type 21-6-9 steel.  It is expected 

to see decreased ferrite content as travel speed increases, in agreement with the observation of David et al. 

[3.10] showing a decrease in ferrite content as travel speed increased for laser welding of 300 series 

austenitic stainless steels.  At high solidification rates, it is thought increased dendrite tip undercooling 

makes primary austenite solidification favorable to primary ferrite [3.13, 3.29].  In Figure 3.5 the type 21-

6-9 steel compositions and travel speeds used in this research are plotted on a solidification map 

 

 

Figure 3.4: Average weld metal ferrite content as a function of travel speed for both heats of type 21-6-9 

steel laser welded at 500-1100W laser power. 

 

developed by Elmer [3.12] to explain changes in solidification mode with ternary Fe-Cr-Ni alloys.  The 

Cr and Ni equivalencies developed by Espy [3.2] and given below were used to plot the alloys studied in 

this research. 
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AlVNbSiMoCrCreq %3%5%5.0%5.1%%   

.)045.0(%%33.087.0%30% Coefeq NNCuMnforCNiNi   

where NCoef.=30 when nitrogen is 0.0-0.20 wt-% or NCoef.=22 when nitrogen is 0.21-0.25 wt-% or NCoef.=20 

when nitrogen is 0.26-0.35 wt-%. 

   

 

Figure 3.5: Changes in solidification mode with changes in composition and travel speed.  Arrows 

indicate range of travel speeds for Heat 1 (upper arrow) and Heat 2 (lower arrow) in this 

study, with the composition approximated using Espy equivalents (From [3.31], original 

source [3.12]). 

 

The red arrows indicate the range of travel speeds for each material, with Heat 1 entirely in the 

primary ferrite solidification region and Heat 2 crossing the boundary between primary ferrite and 

primary austenite solidification as travel speed increases.  The solidification map regions agree well with 

the observed weld microstructures. 

At the common travel speed of 19.1 mm/s, the two heats show a gap in weld metal ferrite content, 

with Heat 2 showing a lower ferrite content.  The lower ferrite content in Heat 2 compared to Heat 1 at 

the same processing parameters is explained by the dual solidification mode found in Heat 2 material.  
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Considering that Heat 1 welds showed entirely primary ferrite solidification, the decrease in ferrite 

content in Heat 2 welds was due to increased areas of primary austenite solidification.   

The lower ferrite content and dual solidification mode of Heat 2 is explained by the chemical 

composition of Heat 2 being enriched in austenite stabilizers relative to Heat 1 (assuming constant 

processing parameters).   Figure 3.6 shows a pseudo-binary Fe-Cr-Mn-Ni-Si-N phase diagram calculated 

using Thermo-Calc, with varied nitrogen content while keeping all other alloying elements constant.  The 

composition of both Heat 1 and Heat 2 are indicated by vertical lines.  The calculated phase diagram 

shows the solidus is at approximately 1380 °C, close to the 1355 °C reported in literature [3.30].  The 

increased nitrogen level of Heat 2 moves the solidification path closer to the region of primary austenite 

solidification.  Less undercooling would be required for Heat 2 to shift solidification mode from primary 

ferrite to primary austenite relative to Heat 1, agreeing with the shift in solidification mode observed in 

the welds.  A shift in solidification mode may occur for Heat 1 material at extreme undercooling, but it 

was not observed for the processing parameters explored here.  Figure 3.5 estimates that Heat 1 material 

would begin to show primary austenite solidification at travel speeds of approximately 20 mm/s.  The 

calculated phase diagram also indicates that at slightly below 0.4 wt-% nitrogen primary austenite 

solidification would occur under closer to equilibrium conditions.  

Figure 3.7 shows the change in ferrite content as a function of travel speed for varying heights 

(weld depths) in the weld transverse cross-section.  Top refers to the weld surface, middle was taken as 

50% penetration and root as 100% penetration.  Note that both Heat 1 and Heat 2 materials are plotted.  

The Heat 1 material welds show little variation in ferrite content at different locations in the weld cross-

section.  For Heat 2 welds, the ferrite content is greater at the top of the weld, particularly for the high 

travel speed welds.  The Heat 2 composition with higher levels of austenite stabilizers creating both 

primary ferrite and primary austenite solidification modes leads to the change in ferrite content through 

the weld cross-section.   For the Heat 2 welds, the upper portion of the weld has much less change in 

ferrite level relative to the middle of the weld.  The ferrite content of the middle of the weld decreased 

rapidly due to the change in area where primary austenite solidification was found. 
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Figure 3.6: Fe-20Cr-9Mn-6.5Ni-0.5Si-N pseudo-binary phase diagram for type 21-6-9 steel using 

Thermo-Calc, with varying nitrogen content, TCFE2 database. 

 

 

Figure 3.7: Ferrite content as a function of travel speed for three different heights along the weld 

transverse cross-section. 

 Heat 1 

Heat 2 
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To further characterize the dual solidification mode of the Heat 2 material, the areas of each 

solidification mode was mapped for the cross-section of welds at constant laser power.  Figure 3.8 shows 

the change in solidification mode through the weld cross-section as travel speed was increased for the 

Heat 2 material welded at 1100 W laser power.  Similar change in solidification mode was observed at the 

other laser powers as well.  Increasing travel speed led to primary austenite solidification in a larger 

portion of the weld pool, with primary austenite shifting from only the root area at 31.8 mm/s to the 

majority of the weld pool at 82.6 mm/s travel speed.  All welds of Heat 2 material showed a cap of 

primary ferrite solidification at the weld surface, regardless of processing parameters.  The change in 

solidification mode along the weld height could be attributed to several mechanisms: local variation of 

chemical composition, local variation in solidification rate, local variation of temperature gradient, or a 

combination of these mechanisms.  Each of the mechanisms is discussed in following sections. 

The thin area of primary austenite solidification at the centerline observed in the 31.8 mm/s weld 

shown in Figure 3.8 is similar to the change in solidification mode observed by Lippold at the centerline 

of electron beam welds [3.32].  This change in solidification mode was attributed to increased 

solidification rate at the weld centerline, however, variation of solidification rate with weld depth was not 

considered in that work, only changes across the weld width as calculated from the weld pool shape.   

3.4.2 Nitrogen Loss 

As shown in Figure 3.8, all welds were keyhole mode, with no conduction mode welding 

observed at any process parameters.  With the vaporization that establishes the keyhole, alloying element 

loss is expected.  It was considered that the consistent primary ferrite solidification mode at the top of all 

Heat 2 welds was possibly caused by nitrogen loss in the upper portion of the keyhole during welding.  

Electron microprobe analysis was used to characterize the variation in nitrogen content along the depth of 

the weld penetration for three welds from the Heat 2 material (19.1, 44.5, 69.9 mm/s travel speed at 900 

W laser power), and one weld from the Heat 1 material (23.3 mm/s  travel speed at 900 W laser power).  

Each sample was analyzed at four locations: base metal, weld surface, 50% penetration  (middle), and  
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(a) 

 
(b) 

 
(c) 

Figure 3.8: Schematic representation of primary solidification mode changes as travel speed increased 

from (a) 31.8 mm/s to (b) 57.2 mm/s
 
to (c) 82.6 mm/s

 
in type 21-6-9 steel Heat 2 welds at 

1100 W laser power. FA-primary ferrite solidification; A-primary austenite solidification. 
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weld root, as shown in Figure 3.9.  Reported weld metal nitrogen content values are the average of 8 to 10 

spot scans in each area.  Although there is significant scatter in the data, nitrogen loss in the weld metal 

was detected.   

 

 

Figure 3.9: Nitrogen content of base metal and weld metal measured at three locations using EMPA 

(WDS). 

 

To account for two different base metal nitrogen contents, the percent nitrogen loss of weld metal 

was normalized to the base metal.  Figure 3.10 shows the nitrogen loss of the weld metal relative to the 

base metal as a function of travel speed for the three locations in the weld metal.  The weld surface region 

tends to show increased loss compared to the middle and root locations, particularly at travel speeds of 

19.1 and 23.3 mm/s.  At higher travel speeds of 44.5 and 69.9 mm/s, the nitrogen loss is roughly 
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consistent throughout the weld height.  With the upper portion of the keyhole last to solidify, possibly the 

increased amount of time in the liquid state allows for increased nitrogen loss at slower travel 

 

 

Figure 3.10: Nitrogen loss in weld metal (relative to base metal) as function of travel speed for three 

heights in the weld cross-section. 

 

speeds.  Iamboliev et al. [3.20] also observed increased N loss at lower travel speeds when laser welding 

18Cr-12Mn-0.6N austenitic stainless steel.  Brooks [3.18] reported 10-15 wt-% nitrogen loss for bulk 

samples from weld metal when electron beam welding type 21-6-9 steel at 21.2 mm/s.  The laser welded 

type 21-6-9 steel appears to show similar nitrogen loss, except for the upper portion of the weld at low 

travel speeds.   

Considering the nitrogen loss and the mixed solidification mode of Heat 2 material discussed 

above, the change in solidification mode and decrease in ferrite at high travel speeds is not likely due to 
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nitrogen loss.  At 44.5 and 69.9 mm/s travel speeds, the welds show consistent nitrogen content along the 

weld height, however, a definite change in solidification mode is observed along the weld depth.  These 

observations may indicate that the observed change in solidification mode with changes in travel speed 

for Heat 2 welds is likely related to undercooling rather than nitrogen loss.  The increased undercooling at 

high travel speeds may be related to solidification rate or temperature gradient effects.   

3.4.3 Solidification Rate 

Figure 3.11 shows the solidification rate measured at three heights along the weld cross-section 

(corresponding to the location of the nitrogen loss measurements) as a function of travel speed.  The 

solidification rate for all areas of the weld increased as travel speed increased.  It is generally expected 

that the maximum solidification rate of a weld pool can be approximated by the travel speed.  However, 

the solidification rate measured here was much less than the travel speed at a range of travel speeds.  

Others [3.33, 3.34] have also shown in welding of austenitic stainless steel that the weld metal 

solidification rate was only approximated by travel speed near the weld centerline and at low travel 

speeds.  As suggested by Perricone [3.33], possibly the relationship between travel speed and 

solidification rate could be better approximated with a more complex function.   

There is no apparent trend of solidification rate for the different locations in the weld at a given 

travel speed.  The solidification rate was found to be approximately the same for the top, middle, and root 

weld areas at each travel speed.  The upper region of primary ferrite solidification present at high travel 

speeds (Figure 3.8c) is not likely due to local solidification rate differences with the constant 

solidification rate along the weld depth.  It was also discussed earlier that local nitrogen loss at the upper 

region of the weld did not cause the upper region of primary ferrite.  The change in solidification mode at 

the weld surface with similar solidification rates along the weld depth indicates a difference in 

undercooling along the weld depth, likely due to a varying temperature gradient.  The difference in 

temperature gradient could be due to varying heat transfer conditions along the weld depth.  The 
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convection at the weld surface would create a lower temperature gradient compared to the conduction 

heat flow occurring at the weld root.  As travel speed increases and the shift to primary austenite 

 

 

Figure 3.11: Solidification rate as a function of travel speed for three heights in the weld cross-section for 

welds at 900 W laser power. 

 

solidification mode occurs higher in the weld cross-section, the undercooling is increased in a larger 

portion of the weld pool due to solidification rate effects.  However even at the highest travel speeds, the 

temperature gradient at the weld surface is low enough that primary ferrite solidification occurs.  Similar 

to how a lower Creq/Nieq would allow the shift to primary austenite solidification at lower solidification 

rate; higher thermal gradients would also increase undercooling and move the shift to primary austenite 

solidification to lower solidification rates.  However, welds at the same travel speed show similar ferrite 

contents even at multiple laser power levels, indicating the undercooling is a stronger function of the 

solidification rate than temperature gradient.   
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Zacharia et al [3.35] showed that the temperature gradient in pulsed laser welds scales almost 

linearly with travel speed for the weld surface.  No calculations of temperature gradient at multiple 

locations in the weld pool were presented.  To explain multiple solidification modes in the same weld, it 

may be useful to model the temperature gradient spatially within the weld pool.  This modeling would 

allow solidification mode to be predicted as a function of undercooling, not just solidification rate or 

travel speed.  

3.4.4 Constitution Diagram Considerations 

The microstructures and solidification mode of laser welded type 21-6-9 steel characterized in 

this study were compared to predictive constitution diagrams to determine the best diagram for future use 

when laser welding type 21-6-9 steel.  The constitution diagram predictions for Hammar and Svennson 

(H&S) [3.36], Hull [3.16], WRC-92 [3.25], and Espy [3.2] calculated on the two materials used are 

shown in Table 3.3. 

The H&S diagram predicts solidification mode, the WRC-92 predicts both ferrite number and 

solidification mode, and the remaining two predict ferrite percent.  The difference in volume percent 

ferrite and ferrite number is typically negligible at low ferrite contents, but to distinguish between the two 

methods, ferrite volume percent is determined metallographically and ferrite number is determined by 

magnetic measurement methods [3.31].  The predicted ferrite level and/or solidification mode is given for 

both the base metal composition and weld metal composition calculated with nitrogen loss.  The diagrams 

do not account for alloying element loss, so an approximate weld metal composition was assumed to 

show 15% nitrogen loss.  Table 3.4 shows average weld metal ferrite content for all the processing 

parameters determined from microstructural point counting.  The larger error in ferrite level for the Heat 2 

material is attributed to the dual solidification mode creating a gradient of ferrite content along the weld, 

and the numbers presented are average weld metal ferrite level taken from multiple locations in the weld 

cross-section. 
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It must be considered first that the diagrams discussed here were developed for arc welding, and 

it is known that the solidification conditions of laser welding can impact the validity of the constitution 

diagram predictions.  Several researchers have characterized the shift in solidification mode expected for 

high energy density welds in austenitic stainless steels [3.10, 3.12, 3.13].   It has been shown that type 21-

6-9 steel exhibits similar behavior with a shift to primary austenite solidification at increased 

undercooling.  Considering this shift it would be expected that the constitution diagrams for arc welding 

predict greater ferrite content than is found in laser welds.  However the constitution diagrams 

underestimated the weld metal ferrite content.  Use of the constitution diagrams for some heats of type 

21-6-9 steel could result in erroneous prediction of crack susceptibility, but that material could actually 

contain sufficient ferrite content to decrease crack susceptibility.   

The H&S diagram properly predicts solidification mode for the Heat 1 material.  For Heat 2 

material, the H&S diagram predicts primary ferrite solidification mode.  Considering the mixed mode 

solidification observed, the H&S diagram properly predicts the behavior of Heat 2 at low travel speeds for 

which the diagram was developed.  The ferrite content of Heat 1 welds made at the  lowest travel speed 

(parameters closest to arc welding conditions) are predicted well by both the WRC-92 and Epsy 

equivalents when the nitrogen loss is considered.  The Hull diagram slightly underestimates the amount of 

ferrite formed in type 21-6-9 steel laser welds, even when nitrogen loss is considered.  Hull’s study 

included alloys with high manganese content and showed manganese as promoting ferrite at high 

concentrations (greater than approximately 6 wt-%), but no high levels of nitrogen were tested during 

Hull’s study.  Brooks [3.18] found the Hull diagram a good fit for arc welding of type 21-6-9 steel, 

however this work was completed before the Espy or WRC-92 diagrams were published.  The Heat 1 

welds at higher travel speeds all show lower ferrite levels than those predicted, which can be attributed to 

the difference in cooling rate between arc welding and laser welding at increased travel speeds. 

The ferrite content of Heat 2 welds is over estimated by all the predictive diagrams, which is 

explained by the high travel speed conditions of the Heat 2 welds.  Unfortunately no low travel speed 

welds of Heat 2 were completed, so a closer comparison to the constitution diagrams is more difficult for 
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the Heat 2 material.  It is expected that ferrite content would increase as travel speed decreases and the 

actual ferrite levels would approach the predicted ferrite levels, but speculating on which predictive 

equations would provide the best fit is not possible.   

Given that the Espy equivalents were developed for the high-nitrogen, high-manganese stainless 

steels, and the estimation of ferrite content for the low travel speed welds in this work was accurate, the 

Espy predictive diagram is recommended for use with type 21-6-9 steels.  Literature also shows that use 

of the Espy modified Schaeffler Diagram was best for arc welding of Nitronic 50 [3.37].    

All the constitution diagrams used here provide a better fit to the observed ferrite content when 

nitrogen loss is considered.  Considering alloying element loss (particularly of strong austenite stabilizers 

such as nitrogen) for constitution diagram predictions will provide a better estimate of weld metal ferrite 

content.  Thus the use of the Espy diagram with consideration of alloying element loss and the shift in 

solidification mode at high undercooling would likely provide adequate prediction of ferrite levels in laser 

welding of type 21-6-9 steel. 

One final consideration is the variability that can be found in chemical composition analysis.  

Small differences in chemical composition that are within the allowable variation for chemical analysis 

methods can have significant impact on predicted ferrite content [3.38].  All the chemical composition 

analysis for this work was completed on one set of analytical instruments with the same operator for each.  

Results based on chemical composition analysis averaged from multiple laboratories would be desirable 

for comparison of predicted solidification modes and ferrite content to the observed microstructures. 

The constitution diagrams have no ability to predict multiple solidification modes, or changes in 

solidification mode with variation in solidification conditions similar to the microstructures observed in 

the Heat 2 material here.  Further work is needed to provide prediction of mixed solidification mode and 

changes in solidification mode with solidification conditions, particularly for high energy density welding 

of austenitic stainless steels. 
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Table 3.3: Constitution Diagram Calculations 

 

 
Heat 1  

Base 

Metal  

Heat 1  

Weld Metal  

(w/ N loss)  

Heat 2  

Base Metal  

Heat 2  

Weld 

Metal  

(w/ N loss)  
H

am
m

ar
&

  

S
v

en
ss

o
n

  Cr Eq.  20.7 20.7 20.9 20.9 

Ni Eq.  13.3 12.8 14.3 13.6 

Cr Eq./ Ni Eq.  1.56 1.62 1.47 1.53 

Mode  Pri. Ferrite Pri. Ferrite Pri. Ferrite Pri. Ferrite 
W

R
C

-9
2

  Cr Eq.  20.0 20.0 20.0 20.0 

Ni Eq.  12.2 11.5 13.6 12.7 

Cr Eq./ Ni Eq.  1.64 1.73 1.47 1.58 

FN  8 11 3 6 

E
sp

y
  

Cr Eq.  21.0 21.0 21.1 21.1 

Ni Eq.  12.0 11.3 13.4 12.5 

Cr Eq./ Ni Eq.  1.74 1.85 1.58 1.69 

FN  9 11 6 8 

H
u
ll

  

Cr Eq.  20.3 20.3 20.5 20.5 

Ni Eq.  11.8 11.2 13.1 12.3 

Cr Eq./ Ni Eq.  1.72 1.82 1.56 1.67 

FN  8 9 4 7 
 

 

Table 3.4: Weld Metal Ferrite Content (vol-%). 

 Travel Speed Laser Power (W) 

 mm/s in/min 500 700 900 1100 

H
ea

t 
1
 

6.4 15 11.1±1.2 10.9±1.4 11.1±1.5 11.3±0.9 

12.7 30 7.0±0.9 8.0±0.5 8.0±0.9 8.1±1.0 

19.1 45 7.3±0.4 8.0±0.7 7.3±0.8 8.2±0.6 

23.3 55 7.3±0.7 7.1±0.8 8.1±0.5 7.4±0.7 

H
ea

t 
2
 

19.1 45 3.6±1.3 4.4±1.6 3.7±1.6 4.2±1.8 

31.8 75 3.3±1.4 3.8±1.8 3.1±1.9 3.0±1.9 

44.5 105   2.2±1.5 2.6±1.7 1.8±1.6 

57.2 135     1.7±1.6 1.7±1.8 

69.9 165     1.7±2.0 1.3±1.6 

82.6 195 

   

1.1±1.3 
 

 

3.5 Conclusions 

1. Both primary ferrite and primary austenite solidification modes were identified in laser 

beam welding of type 21-6-9 steel.  The solidification mode is dependent on both 
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chemical composition and processing parameters. 

2. The solidification mode shifts from primary ferrite to primary austenite as travel speed is 

increased.  The shift in solidification mode leads to reduced ferrite content at higher 

travel speed.  Solidification mode and ferrite content vary throughout the weld cross-

section. 

3. Laser welding of high nitrogen stainless steel with argon shielding does show nitrogen 

loss, and the amount of nitrogen loss can vary through the weld cross-section.  Nitrogen 

loss is reduced at higher travel speeds. 

4. For a given processing parameter, the solidification rate is consistent throughout the weld 

height.  The increased undercooling that causes a shift to primary austenite solidification 

appears to be due to both increased solidification rate and increased temperature 

gradients.  

5. Consideration of both processing parameter effects on undercooling and alloying element 

loss provides better estimates when using constitution diagrams.  The Espy constitution 

diagram is recommended for weld metal ferrite prediction of type 21-6-9 steels.   
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CHAPTER 4:  MEASUREMENT OF SOLIDIFICATION RATE WITHIN A LASER 

WELD POOL 

This chapter is modified from a communication to be submitted to the journal of Metallurgical 

and Materials Transactions A.  No content has been changed, only the formatting has been adapted to the 

thesis format.  Further analysis of the solidification rate measurements presented in Chapter 3 led to an 

improved method for determining the spatial variation of solidification rates for keyhole laser welding. 

 

Stephen Tate and Stephen Liu 

 

4.1 Abstract 

A method to measure solidification rate for weld pools using both top and side view cross-

sections to account for weld pool shapes where the dendrite growth direction does not lie in the plane of 

the cross-section has been presented.  The variation in solidification rate for laser welded austenitic 

stainless steel was shown to vary as a function of depth along the keyhole using the new method. 

4.2 Introduction 

Solidification rate, or growth rate of the solid-liquid interface, is an important solidification 

variable.  The solidification rate of a weld pool has an effect on undercooling at the interface, solute 

partitioning, and size of the solidification substructure [4.1].  Changes in the undercooling with 

solidification rate are of importance due to the shift in primary solidification mode that can occur at high 

solidification rates in austenitic stainless steel welds [4.2–4].  When the solidification mode shifts to 

primary austenite as solidification rate increases, the solidification crack susceptibility also greatly 

increases [4.5, 4.6].  The ability to relate processing parameters, solidification rate, and solidification 

mode depends on accurate determination of the weld pool solidification rate. 

Solidification rate, R, is determined using the relationship between dendrite growth angle and 

welding travel direction of 
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where V is the welding travel speed and α is the angle between the dendrite growth and weld travel 

direction [4.7].  The angle α in a weld pool can be determined either using numerical modeling or 

experimental measurements.  Both techniques have advantages and disadvantages.  For numerical 

modeling the dendrite growth direction is assumed normal to the weld pool surface, with the weld pool 

shape either being assumed or simulated.  The normal to the surface can be calculated using the maximum 

of the three-dimensional temperature gradient, making determination of the angle between welding 

direction and dendrite growth straightforward.  It is known that dendrites grow along the easy growth 

direction,       for cubic materials, closest aligned to the maximum thermal gradient [4.8].  Assuming 

the dendrite growth is along the direction of maximum thermal gradient neglects the difference in 

orientation between the dendrites easy growth direction and the pool surface normal.  The numerical 

modeling determination of the angle has the benefit of considering the three-dimensional aspect of the 

weld pool surface, assuming that the model reliably calculates the weld pool shape. 

Experimental measurement of dendrite growth angles, the focus of this work, is a simple method 

that does not require a model to accurately predict pool shape and also does not make the assumption that 

dendrite easy growth direction is parallel to pool surface normal.  For experimental measurement of 

solidification rate, the angle between travel and growth directions are measured from longitudinal 

metallographic cross-sections.  Using one longitudinal cross-section to measure α requires the assumption 

that the dendrite growth direction lies in the plane of the cross-section.  For some weld pool shapes, such 

as the top of a GTA weld pool, this assumption is reasonable and the dendrite growth is roughly in the 

plane of the top view cross-section.  Previous literature on high energy density welding solidification rate 

measurements [4.9, 4.10] used top view cross-sections to measure the dendrite growth angle and calculate 

solidification rate.   

The weld pool shapes of high energy density welds may not be well approximated by either a top 

view or side view cross-section.  In this work it is proposed that using two longitudinal cross-sections, top 

and side view, a more accurate measurement of solidification rate is possible that does not rely on the 
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assumption of the dendrite growth direction lying in the plane of the metallographic section.   The 

solidification rates at multiple locations in austenitic stainless steel laser welds have been characterized 

and measurement methods are compared. 

4.3 Theoretical Considerations 

As the dendrite growth direction varies from the plane of the metallographic cross-section, the 

angle measured in the micrograph is a projection of the dendrite growth direction onto the plane of the 

section.  A schematic illustrating the dendrite growth direction is shown in Figure 4.1, with the welding 

velocity in the positive X direction and the laser beam incident normal to the XY plane.  In the schematic, 

the angle measured using a top-view cross-section is θ, the angle between the weld travel direction and 

the projection of the dendrite growth direction onto a plane parallel to the XY plane.  Similarly, the angle 

Φ is the angle between the weld travel direction and the projection of the dendrite growth angle onto a 

plane parallel to the XZ plane which would be the measured angle from a side view cross-section.   

 

Figure 4.1: Schematic of dendrite growth direction in three dimensions.  Weld travel direction is positive 

X direction and base metal surface parallel to X-Y plane. 
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If θ and Φ are known, the true angle between dendrite growth and weld travel directions, α, can 

be found using 

                      

 

After calculating α, the solidification rate can be calculated using the familiar           Using the two 

projected angles, θ and Φ, to calculate α assumes that the two cross-sections are normal to each other and 

the welding direction, which is reasonable provided care is taken during sectioning.  As an example, with 

an average θ of 70° and an average Φ of 35°, α is calculated using 

                          

to be 71.1°.  Assuming a travel speed of 50 mm/s, a solidification rate of 16.2 mm/s is calculated from 

             . 

4.4 Experimental 

Autogenous bead-on-plate laser welds in a type 21Cr-6Ni-9Mn (21-6-9) stainless steel with actual 

composition of Fe-19.9Cr-6.5Ni-8.9Mn-0.54Si-0.3N-0.04C were made to measure the solidification rate.  

All welds were partial penetration.  Welding was done with a 1 kW multimode IPG fiber laser with 100 

μm process fiber, 120 mm collimator and 200 mm focal length lens, giving a theoretical spot size of 167 

μm.  All welding was done with sharp focus on the material surface and Ar shielding gas flowing at 12 

L/min through a nozzle transverse to the welding direction.  Laser power was fixed at 900W, and travel 

speeds of 19, 44, and 70 mm/s were used.  The weld metal microstructure was characterized with light 

optical microscopy using standard metallographic polishing procedures and electrolytic etching with 10% 

oxalic acid.  Longitudinal top view and side view cross-sections were taken to calculate dendrite growth 

angle relative to weld direction.  Measurements from three locations along the weld depth, top, middle, 

and root, were taken to examine the spatial variation in dendrite growth angles and solidification rate 

within the weld pool.  Dendrite growth angles are the average of ten measurements from two separate 

fields of view per location for a given travel speed.   
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4.5 Results and Discussion 

The top view micrographs for 19 and 70 mm/s travel speed are shown in Figure 4.2.  Welding 

direction is right to left, and the fusion line can be seen at the top of each.  The weld centerline can also be 

seen in the 70 mm/s micrograph.  Dendrite growth angles in this projection, θ, vary somewhat within a 

given view, but all three travel speeds and locations showed similar angles.  The similar angle measured 

from top view micrographs would lead to the assumption that the solidification rate is consistent 

throughout the weld cross section and is some constant fraction of the travel speed.  In the lower region of 

keyhole mode high energy density welds, small areas at the centerline with dendritic growth roughly 

parallel to the travel direction and high solidification rate are known to occur [4.11].  This small region of 

centerline growth was observed in the middle region at 19 and 44 mm/s travel speed and at the root for all 

travel speeds.  This small region was not used for the dendrite angle measurements, because the interest 

was the solidification rate in the majority of the weld pool. 

 

  

(a) (b) 

Figure 4.2:  Micrographs of top view longitudinal cross-sections of (a) 19 mm/s travel speed and (b) 70 

mm/s travel speed for the middle weld region with measurement of θ shown. 

 

The side view micrographs for 19 and 70 mm/s travel speed are shown in Figure 4.3.  Welding 

direction is right to left and the fusion line can be seen at the bottom.  At 19 mm/s the growth directions Φ 

appear roughly constant through the height of the weld.  An increase in the size of the dendritic structure 
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is observed for the top of the weld compared to the root due to differences in the temperature gradient.  At 

70 mm/s a similar difference in size of dendritic structure between the top and root of the weld is 

observed.  The growth angles at 70 mm/s vary along the height of the weld.  At the top surface the   

 

 

 

(a) (b) 

Figure 4.3:  Micrographs of side view longitudinal cross-sections of (a) 19 mm/s travel speed and (b) 70 

mm/s travel speed with measurement of Φ at top, middle, and root of weld. 
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dendrites are inclined upwards significantly more, that is Φ is larger, than at the root or middle of the 

weld.  The change in growth direction at the top of the weld pool at high travel speed is an indication of 

elongation of the weld pool at the surface of the weld.  This change in growth direction at high travel 

speeds would not be captured in top view cross-sections. 

Both measured (θ, Φ) and calculated (α) growth angles, and solidification rates (R) calculated 

using each angle are given in Table 4.1.  The three angles and a solidification rate calculated using each 

angle is given to allow comparison between measurement methods.  As observed in the micrographs, the 

dendrite growth angle from the top view, θ, is roughly constant regardless of travel speed or location in 

the weld.  The median standard deviation of the θ measurements was 6.3°.  With little variation in θ 

between conditions, the solidification rate calculated using θ is a function of travel speed, with 

approximately constant solidification rate throughout the weld.  The solidification rate increased as travel 

speed increased, as would be expected. 

 

Table 4.1: Dendrite growth angles and travel speeds 

Travel Speed, 

V 

(mm/s) 

Location 
θ 

(degrees) 

R, θ 

(mm/s) 

Φ 

(degrees) 

R, Φ 

(mm/s) 

α 

(degrees) 

R, α 

(mm/s) 

19 Top 73.7 5.3 33.4 15.9 74.0 5.3 

19 Middle 69.9 6.5 38.0 15.0 70.6 6.3 

19 Root 72.8 5.6 33.2 15.9 73.1 5.5 

44 Top 70.1 15.1 46.8 30.4 71.3 14.2 

44 Middle 69.8 15.3 24.5 40.4 70.1 15.2 

44 Root 72.3 13.5 29.7 38.6 72.6 13.3 

70 Top 73.3 20.1 66.6 27.7 76.1 16.7 

70 Middle 70.2 23.7 25.7 62.9 70.5 23.4 

70 Root 71.0 22.7 35.3 57.0 71.5 22.2 
 

 

Looking at the side view dendrite growth angle, Φ, there was more variation between conditions.  

The median standard deviation for Φ measurements was 8.3°, higher than the measurements for θ, but 
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low enough that the variation in Φ at higher travel speeds is likely real.  At 19 mm/s travel speed, Φ was 

roughly constant for all three areas of the weld.  As travel speed increased, Φ increased for the top region 

of the weld, as was observed in the side view micrographs.  The solidification rates calculated using Φ 

show much larger differences between conditions and are much higher than the values calculated using θ.   

 The angle calculated from both the side and top view angles, α, shows little variation between 

weld areas for 19 and 44 mm/s travel speeds.  At 70 mm/s, α increases at the top of the weld compared to 

the middle and root regions.  The solidification rates calculated using α show little change between weld 

regions for 19 and 44 mm/s travel speeds, but a decrease in solidification rate for the top region at 70 

mm/s travel speed.  The change in shape of the top portion of the weld pool at high travel speeds 

increases the angle between dendrite growth and travel direction, which decreases the solidification rate 

in that region.   

  Comparing the solidification rates calculated using the top view, side view, and two view 

methods, the side view solidification rate (measuring only Φ) over estimates the solidification rate.  Using 

only the top view micrographs to calculate solidification rate (measuring only θ) appears to be a good first 

order approximation of the two view solidification rate.  At low values of Φ, α is approximately equal to 

θ.  As Φ increases, such as was observed in the top region of the 70 mm/s weld, the difference between α 

and θ increases.  To obtain the best representation of solidification rate, particularly with regard to spatial 

variation, using both side and top view micrographs to calculate the growth angle and solidification rate is 

necessary. 

4.6 Impact on Previous Results 

In a previous study on laser welding of type 21-6-9 steel [4.10], the effect of chemical 

composition, alloying element loss, solidification rate, and temperature gradient on solidification mode in 

laser welded type 21-6-9 steel were presented.   The shift in solidification mode to primary austenite 

solidification is known to be a function of solidification rate and chemical composition.  For welds at 70 

mm/s with constant chemical composition primary ferrite was observed at the top of the weld when the 
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rest of the weld solidified as primary austenite (see Figure 3.8c).  In the previous work, solidification rate 

was measured using top view cross-sections.  No trend in the change in solidification rate between weld 

areas was observed, indicating the change in solidification mode may be due to the lower temperature 

gradient at the top of the weld. 

The motivation of this work was to increase the confidence in the conclusion that solidification 

rate does not vary between top, middle and root of the weld at a given travel speed.  At high travel speeds, 

it has been shown in this work that the solidification rate does decrease at the top of the weld.  The 

decrease in solidification rate at the top of the 70 mm/s weld is not large enough that a shift to primary 

ferrite solidification mode would be expected.  At 44 mm/s travel speed primary austenite was observed 

at the middle and root regions at solidification rates of 15.2 and 13.3 mm/s, respectively, which is lower 

than the top region of the 70 mm/s travel speed welds with a solidification rate of 16.7 mm/s where 

primary ferrite solidification was observed.   The same conclusion that the mixed solidification mode 

observed is likely due to temperature gradient affecting solidification mode is made with the improved 

solidification rate measurements. 

4.7 Conclusions 

An improved technique to measure solidification rate is proposed that does not require the 

assumption that the dendrite growth angle lies in the plane of the cross-section.  Using a top view cross-

section provides a good approximation of the weld pool solidification rates.  To improve the measurement 

of solidification rate, taking top and side view longitudinal cross-sections allows the true angle between 

dendrite growth and travel directions to be measured and a more accurate solidification rate calculated.   
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CHAPTER 5:  A LASER WELDABILITY DIAGRAM FOR TYPE 21CR-6NI-9MN 

STAINLESS STEEL 

This chapter is modified from a manuscript to be submitted to the Welding Journal.  No content 

has been changed, only the formatting has been adapted to the thesis format.  Following the work of 

Chapter 3, which used a limited composition range, the solidification mode and crack susceptibility for a 

wide range of chemical compositions of type 21-6-9 steel were investigated. 

 

Stephen Tate and Stephen Liu 

 

5.1 Abstract 

The relationship between solidification crack susceptibility and chemical composition was 

examined for laser welded type 21Cr-6Ni-9Mn (21-6-9) stainless steel. Sigmajig testing was used with 

experimental heats of type 21-6-9 steel to determine the effect of P and S on solidification cracking with 

primary austenite solidification.  Phosphorus showed a larger influence on solidification cracking relative 

to S, and a relationship of (P+0.2S) was determined for total impurity content.  Sigmajig testing on 14 

commercial type 21-6-9 steels, 20 experimental type 21-6-9 steels, and 7 other high-N, high-Mn 

austenitic stainless steels was used to develop weldability diagrams to predict solidification crack 

susceptibility for laser welding of type 21-6-9 steel.  Three travel speeds were used to show the change in 

minimum Creq/Nieq for primary ferrite solidification as solidification rate increases with travel speed.  

Primary austenite solidification was observed below 1.5 Creq/Nieq (Espy equivalents) at 21 mm/s travel 

speed.  At 42 mm/s travel speed a mix of solidification modes were displayed for alloys from 1.5-1.7 

Creq/Nieq.  Primary ferrite solidification was observed above 1.7 Creq/Nieq at both 42 and 85 mm/s travel 

speeds.  No solidification cracking was observed for alloys with primary ferrite solidification.  Variable 

cracking behavior was found in alloys with primary austenite solidification, but in general cracking was 

observed in alloys with greater than 0.02 wt-% combined impurity content according to (P+0.2S). 
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5.2 Introduction 

The following section presents the relevant literature and background for the development of a 

laser weldability diagram for type 21-6-9 steel.  Solidification cracking of austenitic stainless steels is 

introduced, followed by the development of weldability diagrams where alloy chemical composition and 

impurity content are related to solidification cracking.  The effects of welding process and different 

impurity elements are also presented.  Finally, background information of high-nitrogen, high-manganese 

austenitic stainless steels is covered as well as the welding of these materials. 

5.2.1 Solidification Cracking and Weldability Diagrams 

Solidification cracking is a well known weldability issue with austenitic stainless steels.  

Solidification cracking is complex, with both metallurgical and mechanical aspects [5.1].  In austenitic 

stainless steels, impurities of sulfur and phosphorus form low melting temperature eutectic-like films that 

can wet solidification grain boundaries, creating a crack susceptible microstructure (the metallurgical 

aspect).  When a crack susceptible microstructure is present, if the strain from the welding thermal cycle 

exceeds the strain tolerance of the microstructure (the mechanical aspect), cracks can propagate through 

the last-to-solidify liquid.  In austenitic stainless steel weld metal, the metallurgical aspects of 

solidification cracking have been shown to be a function of both alloy composition and impurity content.  

It was first observed that welds containing small amounts (greater than 5 vol-%) of ferrite at 

room temperature had higher resistance to solidification cracking [5.2, 5.3].  Thus the ability to predict 

room temperature microstructure of stainless steel weld metals has been studied considerably in the past, 

with constitution diagrams developed by several groups of researchers [5.4–10].    Constitution diagrams 

were developed to predict weld metal ferrite content based on chemical composition to mitigate 

solidification cracking.  The constitution diagrams group austenite stabilizers into a nickel equivalent 

(Nieq) and ferrite stabilizers into a chromium equivalent (Creq).  After the establishment of constitution 

diagrams, Suutala and co-workers then related Creq/Nieq ratio to solidification mode [5.11, 5.12].  The 

alloy composition defined by Creq/Nieq determines the solidification mode, either primary ferrite or 
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primary austenite.    At low Creq/Nieq values, liquid transforms to austenite during solidification, hence 

primary austenite solidification mode.  As Creq/Nieq increases above some critical value, primary ferrite 

solidification occurs where the first solid to form is ferrite that then undergoes solid state transformation 

to austenite.     

Furthering the development that solidification cracking resistance was related to the solidification 

mode, Kujanpää and co-workers  related solidification cracking to both solidification mode and impurity 

content [5.13].  The developed weldability diagram mapped cracking behavior on an impurity content of 

P plus S and Creq/Nieq space.  In the weldability diagram at low Creq/Nieq, below approximately 1.5, 

primary austenite solidification occurs and cracking was present unless combined impurity content was 

below approximately 0.02 wt-%.  Above 1.5 Creq/Nieq where primary ferrite solidification occurs, 

cracking is prevented regardless of impurity content.  The weldability diagram was developed using arc 

welded 300 series stainless steels.  The decrease in solidification cracking susceptibility when primary 

ferrite solidification occurs was later revealed to be a function of differences in the nature of the 

solidification boundary, wetting propensity of the boundaries, and solubility of impurities [5.14, 5.15].  

Discussion of the mechanisms of primary ferrite reducing solidification crack susceptibility is beyond the 

scope of this work, but the reader is referred to the literature [5.14–16]. 

Laser welding offers advantages of both reduced heat input compared to arc welding and high 

travel speeds increasing production throughput for manufacturing austenitic stainless steel components.  

As high energy density welding processes such as laser welding and electron beam welding became more 

widely used,  it was discovered that the rapid solidification conditions of high energy density welding at 

high travel speeds in austenitic stainless steels can cause a shift to primary austenite solidification when 

primary ferrite solidification mode would be expected [5.17–22].  The high solidification rates increase 

undercooling at the solidification front, increasing the stability of the austenite relative to the ferrite [5.23, 

5.24].  The shift in solidification behavior also changes the composition ranges that would be crack 

susceptible [5.23, 5.25] , which led to the development of  weldability diagrams for pulsed laser welding 

of 300 series austenitic stainless steels [5.23, 5.26, 5.27].  The Lienert and Lippold diagram [5.26] showed 
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the critical Creq/Nieq for primary ferrite solidification shifted from 1.5 for arc welding to approximately 1.7 

for pulsed laser welding.  Also both primary ferrite and dual solidification modes were observed for 

Creq/Nieq values between 1.6 and 1.7.  To avoid cracking with primary austenite solidification, combined 

P+S impurity content less than approximately 0.02 wt-% was required, similar to the arc welding 

diagram. 

Using alloy composition to shift the solidification mode to primary ferrite is the most common 

strategy to mitigate solidification cracking issues; however impurity content control can also be 

considered.  In some applications primary austenite solidification may be desired, such as when ferrite is 

detrimental to mechanical or magnetic properties, or primary austenite may be unavoidable due to 

material or process parameter constraints.  When primary austenite solidification cannot be avoided, the 

impurity levels of the starting material must be managed to mitigate solidification cracking.  Control of S 

and P levels occurs during steel production and is out of the control of the end user.  However knowing 

the effects of P and S on solidification cracking can provide guidance in accepting or selecting materials 

based on composition.  Several researchers have shown that P has a larger effect on increasing 

solidification cracking susceptibility than S in both austenitic stainless steels [5.28–31] and high-

manganese steels [5.32].   For a constant total S plus P content of 0.032 wt-% with primary austenite 

solidification, Li and Messler [5.31] observed larger crack lengths with varestraint testing for high P heats 

relative to high S heats.  The P tends to segregate heavily, leading to liquid enriched in P.  Sulfur tends to 

form sulfides which remove the sulfur from the liquid, reducing the role of S in forming the low melting 

temperature films.  In the weldability diagrams developed thus far [5.12, 5.13, 5.23, 5.26, 5.27], the 

effects of S and P have been equally weighted regarding influence on crack susceptibility. 

5.2.2 High-nitrogen, High-manganese Stainless Steels 

High-nitrogen, high-manganese austenitic stainless steels are a subset of austenitic stainless steels 

that were initially developed out of the concern of nickel shortages [5.33].  Nitrogen is a strong austenite 

stabilizer which allows reduced nickel content, as well as providing interstitial solid-solution 
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strengthening.  High manganese contents promote nitrogen solubility, reducing nitride precipitation which 

enhances both mechanical properties and corrosion performance [5.33].  Type 21Cr-6Ni-9Mn (21-6-9) 

high-nitrogen, high-manganese austenitic stainless steel (also known as Nitronic 40) is the focus of this 

work.  Type 21-6-9 steel offers improved mechanical properties relative to 300 series stainless steels with 

no loss of corrosion resistance [5.8].   Type 21-6-9 steel also retains a fully austenitic structure even at 

low temperatures or after cold work at room temperature.  As with other austenitic stainless steels though, 

solidification cracking can cause weldability issues with type 21-6-9 steel.   

Brooks [5.34] showed that type 21-6-9 steel behaves similar to 300 series stainless steels with 

regard to solidification crack susceptibility decreasing with primary ferrite solidification, regardless of 

impurity content for arc welding.  A previous study on laser welding on a limited range of chemical 

compositions of type 21-6-9 steel has shown that a shift in solidification mode under the rapid 

solidification conditions of laser welding does occur [5.35].  Thus the ability to predict solidification 

mode as a function of chemical composition for laser welding would be beneficial.  The weldability 

diagrams discussed above relate well solidification cracking to alloy composition and impurity levels for 

300 series stainless steels for both laser and arc welding.  It is unknown how applicable the diagrams 

developed for 300 series stainless steels are to solidification cracking of type 21-6-9 steel.  Given the 

lower N and Mn content of 300 series stainless, the relationship between solidification cracking and 

chemical composition of type 21-6-9 steel is likely different than predicted by existing weldability 

diagrams.  Brooks [5.34] also revealed that the low melting temperature films responsible for the cracking 

in type 21-6-9 steel are enriched in P. The P enriched films on the crack surface may indicate that P is 

more detrimental to cracking than S in type 21-6-9 steel. 

The relationships between alloy composition, impurity content, solidification mode, and 

solidification cracking behavior of type 21-6-9 steel under high energy density welding are unknown.  

The goal of this work was to characterize the solidification cracking behavior of type 21-6-9 steel during 

laser welding.  The effects of S and P on solidification cracking with primary austenite solidification were 

studied.  Then weldability diagrams were created using a large number of heats of type 21-6-9 steel for a 
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range of solidification rates to observe the shift in critical Creq/Nieq for primary ferrite solidification as 

solidification rate increases.   

5.3 Experimental 

The following sections describe the experimental methods concerning the materials used, 

weldability testing, and microstructural analysis. 

5.3.1 Materials 

A variety of alloys and heats of high-nitrogen, high-manganese stainless steel materials were 

collected to examine their solidification cracking behavior.  The materials used were of three different 

categories: commercial heats of type 21-6-9 steel, commercial heats of other high-nitrogen, high-

manganese austenitic stainless steels, and experimental heats of type 21-6-9 steel.  The chemical 

compositions of all the materials used are given in Table 2.1.  Fourteen commercial heats of type 21-6-9 

steel and the seven commercial heats of other similar alloys were used.  The focus of this work was type 

21-6-9 steels, but it was desirable to compare the applicability of the weldability diagrams developed to a 

few other high-nitrogen, high-manganese alloys.  All chemical compositions were determined using 

optical emission spectroscopy (OES) for the majority of the elements, and Leco inert gas fusion 

techniques for nitrogen, carbon, and sulfur.  The OES instrument was calibrated using a Nitronic 40 

standard, IARM 19B.  The results shown are the average of three analyses on each heat from the same 

laboratory. 

Experimental type 21-6-9 steel heats were melted for two purposes: to examine the individual 

effects of sulfur and phosphorus on solidification cracking while isolating solidification mode to primary 

austenite (alloys 40-53), and to increase the composition range of type 21-6-9 steel beyond the 

commercial heats but still within the nominal composition range of type 21-6-9 steel (alloys 54-59).  

Alloys 40-53 with varying levels of sulfur and phosphorus were melted from one starting alloy 

composition.  One commercial type 21-6-9 steel heat with low impurity levels that a large enough 

quantity was available (alloy 14) was used as the starting master alloy for the impurity variation heats.  
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Table 5.1: Alloy Compositions (wt-%, balance Fe) 

Alloy Type 
Element  

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

1 21-6-9 19.90 6.49 8.94 0.23 0.031 0.54 0.017 0.001 0.047 0.001 0.019 0.010 0.039 0.025 0.193 

2 21-6-9 19.89 6.55 8.96 0.31 0.030 0.49 0.016 0.001 0.100 0.001 0.019 0.016 0.039 0.032 0.205 

3 21-6-9 19.80 7.11 9.43 0.27 0.030 0.39 0.019 0.001 0.179 0.001 0.026 0.000 0.099 0.023 0.055 

4 21-6-9 19.93 6.51 8.93 0.30 0.032 0.50 0.017 0.001 0.103 0.001 0.019 0.020 0.040 0.034 0.195 

5 21-6-9 19.88 6.14 8.91 0.28 0.029 0.49 0.018 0.001 0.102 0.001 0.022 0.052 0.136 0.029 0.158 

6 21-6-9 19.46 7.26 9.32 0.27 0.021 0.54 0.019 0.001 0.111 0.001 0.022 0.182 0.053 0.021 0.149 

7 21-6-9 19.40 7.20 9.04 0.26 0.034 0.45 0.020 0.001 0.092 0.001 0.032 0.137 0.137 0.022 0.096 

8 21-6-9 19.74 6.62 9.47 0.27 0.021 0.43 0.027 0.005 0.382 0.008 0.056 0.343 0.132 0.014 0.317 

9 21-6-9 19.73 6.44 8.72 0.31 0.021 0.31 0.022 0.001 0.080 0.001 0.023 0.159 0.050 0.010 0.040 

10 21-6-9 20.44 7.06 8.94 0.36 0.028 0.70 0.023 0.001 0.248 0.001 0.041 0.350 0.063 0.025 0.081 

11 21-6-9 19.43 6.20 9.36 0.33 0.034 0.38 0.023 0.002 0.227 0.001 0.034 0.243 0.112 0.009 0.066 

12 21-6-9 18.74 6.89 9.31 0.23 0.011 0.30 0.019 0.002 0.044 0.001 0.019 0.000 0.027 0.024 0.040 

13 21-6-9 19.49 6.89 9.31 0.30 0.028 0.36 0.023 0.001 0.419 0.001 0.038 0.197 0.096 0.020 0.161 

14 21-6-9 19.99 6.35 8.88 0.27 0.032 0.44 0.021 0.002 0.126 0.006 0.055 0.121 0.130 0.007 0.136 

30 18-2-12 18.64 1.23 11.50 0.35 0.101 0.71 0.021 0.001 0.088 0.001 0.031 0.105 0.094 0.009 0.049 

31 SCF-260 18.73 2.73 17.40 0.60 0.035 0.54 0.024 0.001 2.258 0.001 0.028 0.040 0.149 0.027 0.063 

32 15-15HS Max 18.89 1.02 16.97 0.57 0.033 0.43 0.027 0.001 0.816 0.001 0.033 0.085 0.161 0.023 0.070 

33 Nitronic 50 21.42 15.18 4.97 0.35 0.048 0.35 0.020 0.007 2.466 0.056 0.127 0.093 0.199 0.011 0.135 

34 Nitronic 50 21.23 11.92 5.00 0.25 0.031 0.27 0.024 0.004 2.090 0.005 0.140 0.500 0.140 0.005 0.050 

35 Nitronic 60 16.99 7.95 7.78 0.16 0.061 3.74 0.032 0.001 0.341 0.010 0.005 0.273 0.065 0.020 0.097 

36 Nitronic 30 16.58 3.28 8.51 0.17 0.029 0.33 0.024 0.005 0.110 0.005 0.013 0.523 0.059 0.008 0.071 
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Table 2.1: Continued 

Alloy Type* 
Element  

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

40 14 19.67 7.06 8.86 0.39 0.030 0.46 0.022 0.003 0.127 0.006 0.055 0.136 0.138 0.011 0.138 

41 14 19.65 7.14 8.95 0.33 0.030 0.46 0.023 0.012 0.127 0.006 0.055 0.138 0.137 0.011 0.142 

42 14 19.67 6.98 8.80 0.34 0.031 0.47 0.021 0.024 0.125 0.006 0.055 0.140 0.141 0.011 0.140 

43 14 19.46 6.97 9.06 0.33 0.031 0.48 0.023 0.035 0.127 0.006 0.055 0.149 0.144 0.011 0.137 

44 14 19.60 7.02 8.74 0.38 0.030 0.45 0.025 0.003 0.125 0.006 0.055 0.131 0.133 0.011 0.132 

45 14 19.69 7.11 8.74 0.37 0.031 0.46 0.030 0.003 0.127 0.006 0.055 0.136 0.139 0.011 0.134 

46 14 19.58 7.09 8.91 0.38 0.030 0.47 0.035 0.003 0.129 0.006 0.055 0.139 0.140 0.011 0.134 

47 14 19.53 7.13 9.00 0.38 0.031 0.46 0.031 0.012 0.128 0.006 0.055 0.137 0.137 0.011 0.130 

48 14 19.54 7.08 8.81 0.37 0.030 0.44 0.024 0.009 0.125 0.006 0.055 0.128 0.131 0.011 0.134 

49 14 19.39 7.06 9.04 0.33 0.031 0.47 0.026 0.019 0.128 0.006 0.055 0.142 0.140 0.011 0.135 

50 14 19.52 7.05 8.87 0.37 0.030 0.48 0.031 0.019 0.128 0.006 0.055 0.145 0.143 0.011 0.137 

51 14 19.33 6.90 8.98 0.35 0.030 0.48 0.024 0.041 0.125 0.006 0.055 0.153 0.144 0.011 0.140 

52 14 19.41 7.02 8.93 0.31 0.031 0.45 0.022 0.048 0.128 0.006 0.055 0.135 0.136 0.011 0.135 

53 14 19.35 6.98 8.97 0.32 0.029 0.47 0.023 0.058 0.128 0.006 0.055 0.142 0.140 0.011 0.138 

54 11 18.93 7.33 9.64 0.36 0.034 0.42 0.034 0.012 0.215 0.004 0.031 0.258 0.114 0.014 0.069 

55 11 18.97 7.35 9.40 0.36 0.034 0.42 0.034 0.017 0.214 0.003 0.030 0.249 0.113 0.012 0.067 

56 14 19.88 6.16 9.19 0.34 0.030 0.46 0.029 0.014 0.125 0.002 0.018 0.140 0.131 0.016 0.136 

57 14 19.84 6.24 9.14 0.34 0.031 0.48 0.035 0.019 0.127 0.002 0.019 0.147 0.135 0.016 0.138 

58 14 20.01 6.16 9.21 0.31 0.031 0.48 0.031 0.012 0.125 0.002 0.019 0.147 0.135 0.017 0.135 

59 14 20.12 6.18 8.93 0.27 0.031 0.45 0.033 0.019 0.124 0.001 0.017 0.136 0.130 0.014 0.132 
 

      *Type for alloys 40-59 indicate the starting material used for melting 

 



 77 

The experimental heats were induction melted under controlled atmosphere, with a heat size of 

approximately 130 g.  Additions of elemental sulfur and phosphorus were used to modify the impurity 

content.  Solidification mode was controlled through additions of Ni and varying the nitrogen pressure on 

the melt.  The 10 mm thick ingots were hot rolled from 1200 °C in three passes to a final thickness of 5 

mm.  After two additional cold rolling passes to a  final thickness of 4 mm, a final solutionizing anneal at 

1100 °C for 30 minutes was followed by a water quench.   

5.3.2 Solidification Crack Susceptibility Testing 

Sigmajig weldability testing [5.36] was used to compare the solidification crack susceptibility of 

the various alloys.  The Sigmajig test applies a preloaded tensile stress to a sheet sample and then the 

sample is welded autogenously transverse to the tensile stress direction.  Figure 5.1 shows the Sigmajig 

fixture with sample after welding.  The stress is applied by compressing two stacks of Bellville washers 

attached to the moving jaw.  The load is controlled by monitoring the stress in the instrumented bolts that 

compress the washer stack.  Quantifying the solidification cracking for a given stress allows a relative 

comparison of weldability for variations in chemical composition or processing parameters.  Samples 

32x24x2 mm were used with the stress applied along the 32 mm length and welding along the 23 mm 

length.  A stress of 310 MPa (45 ksi) was used for all samples.  This stress level was chosen based on 

preliminary testing on a known crack susceptible alloy (type 309 stainless steel with primary austenite 

solidification and 0.037 wt-% P+S) as the minimum stress level to consistently cause cracking under the 

chosen processing parameters.   

The welding power source was a 1 kW multimode IPG fiber laser with 100 μm process fiber, 120 

mm collimator and 200 mm focal length lens, giving a theoretical spot size of 167 μm.   All welding was 

done with sharp focus on the material surface and Ar shielding gas flowing at 12 L/min through a nozzle 

parallel to the welding direction, with the nozzle leading the weld pool.  The laser optics were tilted 7° 

relative to the travel direction, with the laser leading, to reduce the chance of back reflections.  Three 

travel speeds of 21, 42, and 85 mm/s (50, 100, and 200 ipm) were used.  The laser power was adjusted at 
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each travel speed to maintain a full penetration weld on the 2 mm sample thickness.  The laser power used 

was 550, 750, and 1100 W at 21, 42, and 85 mm/s travel speed, respectively.  Samples were ultrasonically 

cleaned in methanol prior to welding to remove surface contaminants. 

 

 

Figure 5.1: Sigmajig test fixture in the laser welding enclosure. 

5.3.3 Microstructural Analysis 

The surfaces of the Sigmajig samples were inspected for cracking at up to 100X magnification 

after welding.  After examining the surface, three transverse cross sections were taken from the Sigmajig 

sample approximately 3 and 6 mm from the end of the weld as shown in Figure 5.2.  The transverse cross-

sections were all taken at the end of the weld because that is the location where cracks where observed in 

the surface inspection when present.  Thermo-mechanical modeling results of Sigmajig testing from 

literature supports the choice of location for cross-sections, showing that the transverse tensile stresses are 

all developed towards the end of the weld [5.37].  All three cross-sections were examined to characterize 

solidification mode and solidification cracking through microstructural observation.  Standard 

metallographic preparation procedures of grinding with SiC and polishing with diamond compounds were 
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used, and electrolytic etching was done with 10% oxalic acid.  The solidification mode was characterized 

with light optical microscopy at a variety of magnifications.  Examination for solidification cracks was 

also conducted with light optical microscopy, with a maximum of 1000X magnification.  For chemical 

composition analysis, EDS with a JEOL JSM-7000F SEM was used.  Correlation of the solidification 

mode, solidification cracking response and the chemical composition was used to develop the weldability 

diagrams for the three travel speeds used.  Quantifying the length of cracks (when present) was used to 

assess the severity of solidification cracking for each cross-section.  Crack lengths presented are the total 

for the entire area of all three cross-sections of an alloy. 

 

(a) (b) 

Figure 5.2: Schematic Sigmajig sample with weld overfill and bead morphology shown; (a) after welding, 

(b) after sectioning showing the three transverse cross-sections taken for microstructural 

analysis.  All dimensions in mm. 

5.4 Results 

This section contains the results from characterizing the effect of sulfur and phosphorus on 

solidification cracking, the weldability diagrams, and the severity of cracking observed. 

5.4.1 Effect of Sulfur and Phosphorus on Solidification Cracking 

The target impurity levels of S and P for alloys 40-53 are given in Table 5.2.  Sulfur and 

phosphorus added independently were increased to levels that caused cracking (the first row and first 

column of Table 5.2), as well as combinations of S and P to create a three by three full factorial matrix.  
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The full factorial samples were used to analyze the possibility of interactions between S and P.  The 

cracking behavior, impurity content, and solidification mode of all alloys and all travel speeds are given 

in Table 5.3.  Only alloys 40-53 welded at 21 mm/s travel speed were used to analyze the effects of P and 

S on solidification cracking.  Results are given for alloys 40, 49, and 53 at higher travel speeds because 

they are included in higher travel speed weldability diagrams.  For alloys 40-53, there is some 

unintentional variation in Creq/ Nieq due to differences in Ni and N additions, but the solidification mode 

was isolated to primary austenite as desired.   

Figure 5.3 shows an as-tested Sigmajig sample from 21 mm/s travel speed.  Surface cracking, if 

present, was only observed at the end of the weld.  Sub-surface cracking was often present with no 

indication of cracking on the weld surface.  Alloys 46, 47, 49, 50, 52, and 53 all exhibited cracking.  

Cracking in the alloys with no S added occurred at a level of 0.035 wt-% P, as in alloy 46.  When only S 

was added, 0.048 wt-% S was required to promote cracking, and with a much higher residual P content 

compared to the residual S level in the alloys with P added.  A much higher P plus S level was required to 

initiate solidification cracking for a high-S, low-P alloy as compared to low-S, high-P alloy.  Among the 

alloys with cracking observed, a large variation in crack length is present.  Alloys 46 and 50, with the 

highest P contents, exhibited the largest crack lengths, with large through-thickness centerline cracks.  

Figure 5.4 shows the difference in crack length for high-P compared to high-S, from alloys 50 and 53 

with a large centerline crack present in alloy 50 and a small non-centerline crack on the right side of the 

weld for alloy 53.   

 

Table 5.2: Levels of Sulfur and Phosphorus in Experimental Heats (wt-%) 

Phosphorus 
Sulfur 

0.003 0.012 0.024 0.035 0.041 0.048 0.058 

0.022 40 41 42 43 51 52 53 

0.025 44 48 49  -  -  -  - 

0.030 45 47 50  -  -  - -  

0.035 46 -  -   - -   - -  
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Table 5.3: Solidification Mode and Cracking of Sigmajig Samples 

 

Alloy 

Espy Equivalents 

P+0.2 S 

Solidification Mode Total Crack Length Number of Cracks 

Creq Nieq Creq/ Nieq 21 mm/s 42 mm/s 85 mm/s 21 mm/s 42 mm/s 85 mm/s 21 mm/s 42 mm/s 85 mm/s 

1 21.03 12.33 1.71 0.018 F F F - - - - - - 

2 21.02 13.53 1.55 0.016 F D A - - - - - - 

3 21.14 13.44 1.57 0.019 F F A - - - - - - 

4 21.10 13.51 1.56 0.017 F F A - - - - - - 

5 21.49 12.55 1.71 0.018 F F F - - - - - - 

6 20.72 13.36 1.55 0.020 F A A - - - - - - 

7 20.93 13.42 1.56 0.020 F A A - - - - - - 

8 21.50 12.68 1.69 0.028 F F F - - - - - - 

9 20.57 13.32 1.54 0.022 F F D - - - - - - 

10 22.14 15.20 1.46 0.023 F A A - 335 1137 - 8 24 

11 20.83 13.90 1.50 0.023 F A A - - - - - - 

12 19.45 12.06 1.61 0.019 F A A - - - - - - 

13 21.01 13.82 1.52 0.023 F A A - - - - - - 

14 21.47 12.76 1.68 0.021 F F F - - - - - - 

30 20.31 11.29 1.80 0.021 F F A - - 85 - - 7 

31 22.65 15.81 1.43 0.024 F D D - - - - - - 

32 21.23 13.39 1.59 0.027 F D A - 55 104 - 2 4 

33 25.51 23.53 1.08 0.021 A A A 1420 4463 2805 1 13 47 

34 24.51 18.28 1.34 0.025 A A A 2460 3130 1844 2 2 44 

35 23.33 14.20 1.64 0.032 D A A 1307 3134 2217 16 15 42 

36 17.18 8.95 1.92 0.025 F F F - - - - - - 

Solidification modes: A austenite, D dual (austenite and ferrite), F ferrite. 
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Table 5.3: Continued 

 

Alloy 

Espy Equivalents 

P+0.2 S 

Solidification Mode Total Crack Length (μm) Number of Cracks (μm) 

Creq Nieq Creq/ Nieq 21 mm/s 42 mm/s 85 mm/s 21 mm/s 42 mm/s 85 mm/s 21 mm/s 42 mm/s 85 mm/s 

40 21.23 15.71 1.35 0.023 A A A 0 0 0 0 0 0 

41 21.21 14.68 1.44 0.025 A - - 0 - - 0 - - 

42 21.27 14.72 1.44 0.026 A - - 0 - - 0 - - 

43 21.09 14.62 1.44 0.030 A - - 0 - - 0 - - 

44 21.12 15.45 1.37 0.025 A - - 0 - - 0 - - 

45 21.27 15.41 1.38 0.031 A - - 0 - - 0 - - 

46 21.17 15.71 1.35 0.035 A - - 3824 - - 6 - - 

47 21.10 15.65 1.35 0.033 A - - 569 - - 6 - - 

48 21.04 15.39 1.37 0.025 A - - 0 - - 0 - - 

49 20.98 14.57 1.44 0.030 A A A 905 384 1755 1 2 14 

50 21.14 15.33 1.38 0.035 A - - 3340 - - 3 - - 

51 20.96 14.73 1.42 0.032 A - - 0 - - 0 - - 

52 20.96 14.16 1.48 0.032 A - - 225 - - 5 - - 

53 20.94 14.32 1.46 0.035 A A A 229 347 541 7 2 7 

54 20.40 15.57 1.31 0.037 A A A 4692 4690 5024 12 14 10 

55 20.42 15.58 1.31 0.038 A A A 5907 5503 5907 3 18 3 

56 21.40 13.86 1.54 0.032 F D A 0 181 657 0 3 10 

57 21.42 13.96 1.53 0.039 F D A 0 983 4440 0 3 47 

58 21.59 13.37 1.61 0.033 F D A 0 633 194 0 3 4 

59 21.62 12.60 1.72 0.037 F D D 0 1154 798 0 3 4 

Solidification modes: A austenite, D dual (austenite and ferrite), F ferrite. 
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(a) (b) 

Figure 5.3: As-tested Sigmajig sample welded at 21 mm/s travel speed; (a) Photograph, (b) Stereoscope 

image of cracking at end of weld. 

 

Both the impurity level at crack initiation and the extent of the crack lengths indicate that P has a 

larger influence on solidification crack susceptibility than S.  Regression analysis was used to quantify the 

different effects of P and S on cracking.  Responses of  total number of cracks for an alloy, and number of 

sections with cracks for factors of P, S, and P times S were used to run general factorial regression on the 

three by three matrix (alloys 40-42, 44, 45, and 47-50).  The p-values for the various factors and 

responses are given in Table 5.4.  The p-values for phosphorus are both below 0.05, indicating P has a 

statistically significant effect for both responses.  Sulfur showed slightly higher p-values than phosphorus 

overall, and for the response of number of cracks where the p-value is greater than 0.05, the level of S is 

likely not significant for that response.  The p-values for the P times S interaction term showed the 

highest values, and both are greater than 0.05, indicating there was no effect of interaction between P and 

S on solidification cracking.  

Knowing there were no P-S interaction effects, a general linear regression model was generated 

using alloys 40-53 for responses of number of cracks per alloy and number of cross-sections showing 

cracking.  Despite the high p-value for S in the model based on number of cracks, it was expected to be 
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significant without the interaction term.  With the interaction term removed, both P and S were significant 

for both responses analyzed.  The resulting model for number of cracks was  

Number of Cracks = -3.90 + 151.7 P (wt-%) + 31.9 S (wt-%). 

Similarly, for the number of cross-sections showing cracks the model was  

Number of Sections with Cracks = -5.38 + 216.3 P (wt-%) + 32.2 S (wt-%). 

The residual plots for both models indicated the models were valid.  Normalizing the coefficients for P 

and S in each model to a coefficient of one for P gives a coefficient for S of 0.21 based on the number of  

 

 

 

(a) (b) 

Figure 5.4: Cross section of Sigmajig samples showing extent of solidification cracking for (a) alloy 50, 

(b) alloy 53.  Note difference in magnification and arrow indicating cracking in alloy 53. 
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Table 5.4: p-Values for Responses in Regression Model 

Term 
Number of 

Cracks 

Number of Sections 

with Cracks 

P 0.012 0.009 

S 0.193 0.021 

P x S 0.262 0.057 
 

 

cracks, and 0.15 based on the number of sections with cracks.  Both models indicate a reduced effect of S 

relative to P, similar to results from literature for effects of S and P on cracking in other austenitic 

stainless steels [5.28–31] .  Based on the regression analysis, a coefficient of 0.2 for S was chosen for the 

weldability diagrams presented in the next section. 

To better understand the partitioning behavior of P and S, and phases likely to form during 

solidification, Scheil solidification simulations were done using Thermo-Calc with the TCFE7 database.  

The results are presented for three compositions: a low-S, low-P alloy, a low-S, high-P alloy, and a high-

S, low-P alloy.  Sulfur and phosphorus levels were chosen to simulate alloys 40, 46, and 53.  All three 

calculations had constant levels of all other elements used, with composition adjusted to give primary 

austenite solidification.  Evaluating the composition of the liquid at high fraction of solid should give an 

idea of the enrichment of P and S in the final to solidify liquid to which solidification cracking is 

attributed.  The starting composition of P and S in the simulated alloys and the composition of the liquid 

at 0.97 fraction of solid are given in Table 5.5.  At minimum P and S levels, the liquid is enriched in P to 

approximately one wt-% while the S level reaches approximately 0.03 wt-%.  When the starting P level is 

doubled to 0.04 wt-%, the P in the liquid almost doubles as well.  The much larger increase in S content 

from 0.002 to 0.06 wt-% showed almost no change in the composition of S in the liquid.  The low amount 

of S in the last to solidify liquid even at high initial compositions is attributed to the formation of MnS 

during solidification.  The compositions of P and S in the liquid phase are plotted as a function of fraction 

of solid in Figure 5.5 for the high-S, low-P case.  Phosphorus in the liquid continues to increase as 

fraction of solid increases, as would be expected for a solute with a partitioning coefficient less than one.  

The sulfur content of the liquid increases from the nominal composition initially, and then at 
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approximately 0.4 fraction of solid begins to decrease.  The shift to decreasing S is due to the formation 

of manganese sulfide (MnS), which is shown by the change in line color from red to green.  As MnS 

continues to form from the melt, the S content of the liquid is actually reduced below the nominal 

composition.   

 

Table 5.5: Thermo-Calc Scheil Simulation Liquid Compositions 

Starting Composition  

(wt-%) 

Composition of Liquid at 0.97 

Fraction Solid (wt-%) 

P S P S 

0.02 0.002 0.98 0.028 

0.04 0.002 1.74 0.024 

0.02 0.06 0.92 0.030 
 

 

 

   

(a) (b) 

Figure 5.5: Chemical composition of the liquid as a function of fraction of solid for (a) phosphorus and 

(b) sulfur using Thermo-Calc Scheil simulation for 0.02 wt-% P and 0.06 wt-% S 

nominal composition. 

 

Based on the Scheil calculations of P and S composition in the final liquid, it would be expected 

that the crack surfaces would exhibit P-rich films and the S would be dispersed as MnS inclusions within 

the weld microstructure.  A crack in a cross-section of alloy 47 is shown in Figure 5.6, along with the 
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EDS spectrum for a spot scan of the crack surface.  The crack showed a film-like second phase along the 

crack.  The EDS showed no indications of S or P, and a small Si peak that is typical of the matrix.  Other 

EDS attempts on similar crack features on multiple samples were unsuccessful in identifying the 

constituents along the cracks.  The large interaction volume of the beam compared to the size of the 

feature being characterized likely make the signal from the matrix overpower the characteristic x-rays 

from the crack film.  Exposing the crack surface to increase the volume of film material was also unable 

to identify the elements present at the crack surface.  An example of the exposed crack surface is shown 

in Figure 5.7.  The crack surface showed the egg-crate morphology typical of solidification cracking.  The 

film-like nature of the second phase present can be seen between the dendrite tips.  Further 

characterization of the composition of the crack surfaces with electron-microprobe analysis (EMPA) or 

Auger electron spectroscopy would likely provide suitable results, but was not conducted in this work.  

Brooks [5.34] identified P- and Mn-rich films along the solidification grain boundaries in GTA welded 

type 21-6-9 steel using EMPA.  Similar chemical compositions would be expected for the second phases 

present along the cracks observed here. 

 

  

(a) (b) 

Figure 5.6: Unetched crack in cross section of alloy 47 welded at 21 mm/s; (a) Note film of secondary 

phase along crack indicated by red spot, (b) EDS spectrum of spot scan indicated in (a). 
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Figure 5.7: Dendritic fracture surface of alloy 55 welded at 85 mm/s with second phase lining areas of 

the crack surface. 

 

5.4.2 Weldability Diagram 

The materials used span a wide range of Creq/Nieq, from roughly 1.1 to 1.9.  As mentioned above, 

the experimental heats were used to expand the composition range of type 21-6-9 steels beyond the 

somewhat limited range of the commercial alloys available.  The weldability diagrams were developed 

using the established convention of plotting total impurity content versus Creq/Nieq.  Previous researchers 

have defined total impurity content as P+S.  In this work a coefficient of 0.2 for S was used on the vertical 

axis based on the regression analysis results above.  Hereafter, total impurity content refers to P+0.2S.  To 

plot the Cr and Ni equivalencies of the alloys studied here, the equivalents developed by Espy [5.8] were 

used, which are given by the following equations 

AlVNbSiMoCrCreq %3%5%5.0%5.1%%   
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.)045.0(%%33.087.0%30% Coefeq NNCuMnforCNiNi   

where NCoef.=30 when nitrogen is 0.0-0.20 wt-% or NCoef.=22 when nitrogen is 0.21-0.25 wt-% or NCoef.=20 

when nitrogen is 0.26-0.35 wt-%.  The coefficients developed by Espy are known to be the most 

applicable Cr and Ni equivalents for arc welding of high-N, high-Mn austenitic stainless steels.  Ritter and 

co-workers [5.38, 5.39] determined that Espy equivalents are the most applicable for arc welding of 

Nitronic 50 alloys for both ferrite content and solidification mode prediction.  Ritter and Savage [5.39] 

also plotted arc welding solidification mode results for a large number of high-N, high-Mn stainless steels 

from Suutala [5.40] showing the Espy equivalents provided a good fit.  Robino et al. [5.41] showed that 

the Espy equivalents were preferred for arc welding of Nitronic 60 and another similar alloy.  Other 

equivalents were also explored in developing the diagrams; specifically the Hull [6] and Hammar & 

Svennson [5.7] were considered.  Among the three equivalents considered, the Espy equivalents provided 

the clearest trends of solidification mode as a function of Creq/Nieq.  The Espy coefficients were chosen 

based on the good fit to the solidification modes observed in this work and their known applicability to 

arc welding of Nitronic alloys. 

Previously developed weldability diagrams do not account for variations in solidification 

conditions within a given welding process, whether developed for laser or arc welding.  It is known that 

process parameters drastically different than those used to develop a weldability diagram can cause the 

diagram to be not applicable [5.42].   It was desired to incorporate the shift in solidification mode that 

occurs due to changes in solidification rate into this work.  Weldability diagrams were developed at three 

distinct travel speeds that span a range common for continuous wave laser welding.  The result is three 

separate weldability diagrams that capture the shift in solidification mode and critical Creq/Nieq with 

solidification rate.   

The Creq/Nieq, impurity content, solidification mode, and cracking behavior of the Sigmajig 

samples used to generate the diagrams were given above in Table 5.3.  The primary solidification modes 

were identified by their different microstructures.  The typical solidification microstructures observed are 
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shown in Figure 5.8.  Primary austenite microstructures with and without ferrite were observed.  The 

cellular primary austenite solidification with little or no ferrite shown in Figure 5.8(a) was the majority of 

the primary austenite solidification observed.  Less common was the dendritic primary austenite 

containing larger amounts of ferrite shown in Figure 5.8(b).  A typical primary ferrite solidification 

microstructure is shown in Figure 5.8(c).  No cracks were observed with primary ferrite solidification for 

all travel speeds.  Dual mode solidification microstructures with both primary austenite and primary 

ferrite were observed, shown in Figure 5.8(d).  Dual solidification mode was observed as either ferrite and 

austenite growing together from the fusion line, or one mode transitioning to another as location changed 

within in the weld.  In dual solidification mode alloys that exhibited cracking, the cracking always 

occurred in the primary austenite regions.  Primary ferrite solidification followed by massive 

decomposition of the ferrite to austenite[5.15, 5.20, 5.23] that can occur under rapid cooling was observed 

in some alloys at 85 mm/s travel speed. 

The weldability diagram developed for 21 mm/s travel speed includes a larger number of alloys 

with the large number of compositions used for the impurity content variation.  Only alloys 40, 49, and 53 

were repeated at 42 and 85 mm/s travel speed.  The cracking behavior and solidification mode for welds 

at 21 mm/s is shown in Figure 5.9, with impurity content as a function of Creq/Nieq.  Solid symbols 

indicate cracking was observed in at least one of the three transverse cross-sections.  All alloys with 

primary ferrite solidification were crack free.  A critical Creq/Nieq of approximately 1.5 was observed for 

primary ferrite solidification.  All alloys greater than 1.5 Creq/Nieq solidified as primary ferrite with the 

exception of one alloy that was not a type 21-6-9 steel.  Alloy 35, a Nitronic 60 type, with Creq/Nieq of 

1.64 solidified as primary austenite and exhibited cracking.  The cracking boundary was drawn excluding 

the Nitronic 60 alloy considering that type 21-6-9 steel was the focus of this work.  For type 21-6-9 steels 

with primary austenite solidification, impurity contents of 0.03 wt-% and greater were susceptible to 

cracking.  Two type 21-6-9 steels with primary austenite solidification and greater than 0.03 wt-% 

impurity content were crack free, however the majority of alloys in this composition range exhibited 

cracking.  The type 21-6-9 steel heats exhibiting cracking were all experimental alloys.  No commercial 
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type 21-6-9 steels showed primary austenite solidification or solidification cracking at 21 mm/s.  The two 

alloys exhibiting cracking at low Creq/Nieq and impurity content of greater than 0.02 wt-% were both 

Nitronic 50 alloys.  The Nitronic 50 alloys showed cracking at lower impurity levels than the 

experimental type 21-6-9 steels tested.  The difference in minimum impurity content to cause cracking 

could be an indication that other elements within Nitronic 50 contribute to its crack susceptibility.  At  

 

  

(a) (b) 

  

(c) (d) 

Figure 5.8: Micrographs showing observed solidification modes; (a) primary austenite solidification in 

alloy 13 welded at 85 mm/s, (b) primary austenite solidification with eutectic ferrite and 

cracking in alloy 35 welded at 21 mm/s, (c) primary ferrite solidification in alloy 3 

welded at 21 mm/s, (d) dual solidification modes with dark etching primary austenite 

solidifying epitaxially from the fusion line transitioning to lighter etching primary ferrite 

towards the centerline in alloy 9 welded at 85 mm/s.   

 



 92 

 

 

Figure 5.9: Weldability diagram for 21 mm/s (50 in/min) with impurity content as a function of Creq/Nieq. 

A-primary austenite solidification, F-primary ferrite solidification, D-dual mode 

solidification. 

 

constant Creq/Nieq of roughly 1.45 there is a change in solidification mode from primary ferrite to primary 

austenite as impurity content is increased. The increased levels of P and S could be affecting the 

solidification mode.   

The weldability diagram developed for 42 mm/s travel speed is shown in Figure 5.10.  As 

expected, a larger number of alloys showed primary austenite solidification at the increased travel speed.    

A number of alloys also showed the dual solidification mode.  At 42 mm/s travel speed, the critical 

Creq/Nieq for primary ferrite solidification shifts to approximately 1.7, compared to 1.5 for 21 mm/s.  In 

the range of 1.5 to 1.7 Creq/Nieq a mix of primary ferrite, primary austenite, and dual solidification modes 

are observed.  One alloy, 59, showed dual mode solidification at a Creq/Nieq of 1.7 with high impurity 
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content, while alloys at equal Creq/Nieq and lower impurity content all exhibited primary ferrite 

solidification.  A similar variation in solidification mode with increasing impurity content for constant 

Creq/Nieq  right at the transition from primary austenite to primary ferrite was observed in the 21 mm/s 

diagram.  In general, cracking was observed in alloys with primary austenite or dual solidification modes 

and impurity contents greater than approximately 0.02 wt-%.  Some alloys with impurity content slightly 

above 0.02 wt-% and primary austenite solidification were crack free.  One commercial 21-6-9 alloy, 10, 

showed cracking at 42 mm/s travel speed as the solidification mode had shifted to primary austenite.  

However, other type 21-6-9 steels (both experimental and commercial) with similar impurity levels that 

also had primary austenite solidification showed no cracking.  Alloys with impurity contents less than 

0.02 wt-% or primary ferrite solidification were crack free.  

 

 

Figure 5.10: Weldability diagram for 42 mm/s (100 in/min) with impurity content as a function of 

Creq/Nieq.  A-primary austenite solidification, F-primary ferrite solidification, D-dual 

mode solidification. 
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Figure 5.11 shows the weldability diagram developed for 85 mm/s.  The Creq/Nieq of 1.7 

separating primary austenite from primary ferrite solidification has not shifted as the travel speed 

increased from 42 to 85 mm/s.  At 85 mm/s all but one of the alloys in the range of 1.5 to 1.7 Creq/Nieq 

exhibit primary austenite solidification compared to the mix of solidification modes in that Creq/Nieq range 

at 42 mm/s travel speed.  The cracking observed is similar to the behavior observed at 42 mm/s, with no 

cracking in alloys with primary ferrite solidification, and the majority of the alloys with Creq/Nieq less than 

1.7 and impurity contents of 0.02 wt-% and greater displaying cracking.  One alloy, 30, at Creq/Nieq of 1.8 

showed primary austenite solidification and minor cracking, and again because the focus of this work was 

type 21-6-9 steel the cracking demarcation was drawn discounting the alloy 30 point at 85 mm/s.  Again 

of the commercial type 21-6-9 steels only alloy 10 showed cracking.  The other eight type 21-6-9 steels 

with primary austenite solidification mode showed no cracking even at similar impurity levels.  Also 

similar to the observations at 42 mm/s, at the highest travel speed there was still variation in solidification 

mode at constant Creq/Nieq where the vertical crack demarcation line is located. Alloy 59 showed dual 

solidification modes with high impurity content and Creq/Nieq of 1.7 while primary ferrite solidification 

was observed in several alloys at lower impurity content. 

 Uncertainty values are not presented on the weldability diagrams above in Figure 5.9-Figure 5.11 

because the plots become difficult to interpret with the large number of error bars.  Uncertainty of the 

chemical analysis was calculated using one standard deviation of the analysis for each element.  With the 

average standard deviation for each element from all the alloys, the uncertainty of the Cr and Ni 

equivalents were calculated.  The maximum and minimum equivalents calculated give an uncertainty of 

±0.019 Creq/Nieq.  The uncertainty calculated for the impurity content is ±0.0015 wt-% P+0.2S.  

Graphically on the plots, these uncertainty values would be approximately twice the size of the symbols 

plotted.  Given the uncertainty values calculated, the results presented for the three weldability diagrams 

are considered valid.   

 To summarize the weldability diagram results, cracking is expected when both impurity contents 

(P+0.2S) are greater than 0.02 wt-% and primary austenite solidification occurs for all travel speeds.  At 
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21 mm/s travel speed, a minimum Creq/Nieq of 1.5 for primary ferrite solidification is required.  As travel 

speed increases to 42 and 85 mm/s, the minimum Creq/Nieq for primary ferrite solidification increases to 

1.7.   

 

 

Figure 5.11: Weldability diagram for 85 mm/s with impurity content as a function of Creq/Nieq. A-primary 

austenite solidification, F-primary ferrite solidification, D-dual mode solidification. 

 

5.4.3 Crack Severity 

The binary representation of crack or no-crack on the weldability diagrams does not capture the 

differences in the extent of the cracking observed.  The severity of cracking was evaluated using the 

measured total crack lengths given in Table 5.3.  Total crack length varies significantly between different 

alloys, and varies to a lesser extent with travel speeds for a given alloy.  Total crack length as a function 

of travel speed is shown in Figure 5.12 for three groups of alloys: type 21-6-9 steels with impurity content 
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greater than 0.035 wt-%, type 21-6-9 steels with impurity content less than 0.035 wt-%, and other alloys.  

The type 21-6-9 steels of high impurity content with large (>3000 μm) total crack lengths showed 

relatively constant crack severity as travel speed increased.  Alloys other than type 21-6-9 steel showed 

the highest crack lengths at 42 mm/s travel speed, but this trend is not observed in the other materials.  

Overall, the crack severity is much more a function of chemical composition than travel speed.  For alloys 

that showed cracking at all three travel speeds, there was no clear trend in change in crack length with 

travel speed.    

 

 

Figure 5.12: Total crack length as a function of travel speed for all alloys showing cracking.   

 

While total crack length is roughly constant for a given alloy as travel speed varies, the number of 

cracks increases at 85 mm/s travel speed for all alloys except alloy 55.  Excluding alloy 55, it was 

observed that the length of individual cracks decreased and the number of cracks increased for 85 mm/s 

travel speed.  Alloy 55 had complete sample separation at 85 mm/s, the “cracks” were characterized as 

three cracks, being one through thickness centerline crack in each cross-section.  For the majority of 
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alloys, at 85 mm/s travel speed the cracking shifted away from large centerline cracks to multiple cracks 

on solidification grain boundaries away from the weld centerline.  Figure 5.13 shows the change in 

cracking observed for alloy 57 as travel speed increased from 42 to 85 mm/s, typical of the shift observed 

from large centerline cracking to multiple non-centerline cracks.   

 

  

(a) (b) 

Figure 5.13: Micrographs showing solidification cracking in alloy 57 at (a) 42 mm/s travel speed, and (b) 

85 mm/s travel speed.   

 

The variation in crack severity in the experimental type 21-6-9 steels was presented above.  

Comparing total crack length between commercial alloys with similar impurity levels, the Nitronic 50 and 

Nitronic 60 alloys (33-35) showed much greater cracking than the type 21-6-9 steel alloy 10.  Type 21-6-

9 steels only showed large total crack lengths in the experimental alloys with high impurity contents.  The 

other commercial alloys that showed cracking, 30 and 32, also showed very low total crack lengths.   

Dual mode solidification conditions tended to show lower total crack lengths compared to 

primary austenite solidification in the same alloy, which is likely due to the cracking only occurring in 

regions of primary austenite solidification.  With a lower volume of weld pool that undergoes primary 

austenite solidification that is susceptible to cracking, decreased crack lengths would be expected.  
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5.5 Discussion 

The following section discusses the implications of the results described in the above sections.  

The relationship between chemical composition and solidification cracking for the range of alloys used, 

the shift in solidification mode, and the effect of travel speed on cracking are all considered.   

5.5.1 Chemical Composition and Solidification Cracking 

The larger increase in solidification crack susceptibility of P relative to S for primary austenite 

solidification observed here is similar to that observed by Arata et al. [5.28, 5.29], Katayama et al. [5.30], 

and Li and Messler [5.31].  The literature results for 300 series stainless steels with austenitic 

solidification all indicate P being far more detrimental to solidification cracking.  Katayama [5.30] 

showed phosphides tend to form film-like features along solidification grain boundaries, while sulfides 

form with a globular morphology.  Brooks [5.34] showed that a Mn and P-rich film is found on the 

partially melted grain boundaries for GTA welding of type 21-6-9 steel while S is tied up in discrete MnS 

particles.  Similar results for the morphology of phosphides and sulfides would be expected for the 

experimental type 21-6-9 steels used here.  The electron microscopy work shown in literature was able to 

identify the P and S compositions likely due to the much larger size of the phosphides and sulfides in arc 

welding.   

Based on the literature and Scheil solidification calculations performed, the sulfides are expected 

to be MnS type.  With MnS forming during solidification even at very low (0.003 wt-%) S levels, it is 

expected that any S exceeding the solubility of the liquid is precipitated out during solidification.  The 

melting temperature of MnS of approximately 1300°C [5.30] is higher than the terminal solidification 

temperature of 1230°C predicted from the Thermo-Calc calculations for the experimental type 21-6-9 

steels, indicating the sulfides form prior to final solidification and prevent S from forming low melting 

temperatures phases that could promote solidification cracking.  Given that film-like low melting 

temperature features are considered detrimental to solidification cracking, the globular morphology of 

MnS would also reduce the influence of S on solidification cracking susceptibility. 
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A coefficient of 0.2 for S, as determined in the analysis of the experimental type 21-6-9 steel 

heats may be related to the high Mn content of type 21-6-9 steel.  Honeycombe and Gooch [5.43] showed 

Mn levels of approximately 2-9 wt-% were effective in reducing solidification cracking in a fully 

austenitic type 310 weld metal with 0.01 wt-% S and 0.02 wt-% P, but no mechanism for the reduction in 

crack susceptibility was given.  For alloys with lower Mn content than type 21-6-9 steel, such as 300 

series stainless steels, it is possible that lower S levels would initiate solidification cracking, giving a 

higher S coefficient for those alloys than 0.2 as determined for type 21-6-9 steel.  One final consideration 

is that given the low levels of S in commercial alloys used here (typically less than 0.005 wt-%), a small 

variation in the coefficient for S makes little difference in overall calculated impurity content for 

commercial alloys.   

Care must be used when applying the results of the limited study presented here on the effects of 

S and P on solidification cracking in type 21-6-9 steel to other high-N, high-Mn austenitic stainless steels.  

In general, for high-N, high-Mn stainless steels the other minor constituents of an alloy could 

significantly change the crack susceptibility.  One indication of this is the lower impurity levels that 

caused cracking in Nitronic 50 alloys compared to type 21-6-9 steel observed in the weldability diagram 

at 21 mm/s travel speed.  Ritter and Savage [5.39] showed that solidification cracking in Nitronic 50 is 

related to the formation of a niobium carbonitride eutectic in the interdendritic region during 

solidification.  Extensive cracking was also observed for the Nitronic 50 alloys in this work.  The larger 

total crack lengths observed for Nitronic 50 alloys relative to type 21-6-9 steel at similar impurity content 

could be a function of the niobium-rich final solidification products expected for Nitronic 50 alloys.      

Even within type 21-6-9 steels there is variable cracking at impurity contents of 0.02 to 0.03 wt-

%.  Alloy 10 showed cracking at 42 and 85 mm/s travel speeds, but alloys 11, 13, and 40 with similar 

impurity content and primary austenite solidification were crack free.  Small differences in alloy chemical 

composition other than S and P could cause the variable cracking behavior.  Looking at the alloy 

compositions, the only noticeable differences for alloy 10 are higher Si and Cu contents.   Silicon is 

known to be detrimental to solidification cracking resistance with primary austenite solidification [5.44, 
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5.45], and could have contributed to the difference in cracking behavior of alloy 10 relative to the other 

commercial type 21-6-9 steels.  However, further investigation is required to clarify the cracking 

mechanisms for alloy 10 with primary austenite solidification and the change in crack susceptibility with 

chemical composition variation other than P and S.  In general, for type 21-6-9 steel or other similar 

alloys it must be considered that changes in levels of minor alloying elements (i.e., Mo, Nb, Si) or other 

residual elements (possibly Cu) could cause significant changes in solidification behavior and crack 

susceptibility relative to the results observed here. 

The type 21-6-9 steels with primary austenite solidification and impurity contents greater than 

0.02 wt-% that tested crack free include alloys 11, 13, and 40-45.  Based on results from previous 

weldability diagrams, cracking would be expected in those conditions.  The explanation for the difference 

in cracking behavior for the type 21-6-9 steels compared to the 300 series stainless steels used in previous 

weldability diagrams is unknown.  The high Mn level of type 21-6-9 steel may allow type 21-6-9 steel to 

tolerate higher S content, which could contribute to the difference in cracking behavior.  Considering the 

S levels are low in the commercial type 21-6-9 steel heats, the difference in cracking behavior is likely 

not related to the propensity for type 21-6-9 steel to form MnS.  Excluding alloy 10, the commercial type 

21-6-9 steels showed lower crack susceptibility than 300-series alloys for given impurity contents in the 

range of 0.02-0.03 wt-%.  Ogawa and Tsunetomi [5.44] showed that increasing weld metal N content 

decreased crack susceptibility for a given impurity level in fully austenitic 310 weld metal, and attributed 

the difference to reduced enrichment of Si at boundaries with higher N content. The higher N levels in 

type 21-6-9 steels relative to 300 series alloys could influence partitioning behavior of Si or other 

elements that could contribute to crack susceptibility.  It is also possible the high Mn content may be 

beneficial in aspects other than just forming MnS, which would support the observations from 

Honeycombe and Gooch [5.43] of Mn significantly decreasing solidification cracking when added to type 

310 arc welding filler metal.  Additional work is necessary to confirm the possibility and mechanism of 

either such hypothesis. 
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5.5.2 Weldability Diagram 

Similar to previous weldability diagrams [5.13, 5.26], the horizontal line separating cracking and 

crack free regions in the diagram is drawn flat with no slope, indicating there is no change in minimum 

impurity content for any alloy with primary austenite solidification.  The variability in cracking in the 

impurity content range of 0.02-0.03 wt-% discussed above may indicate that a broader line or uncertainty 

bands may be appropriate on the horizontal portion of the cracking boundary.   No ‘knee’ or curvature 

was included in the cracking line, with both the vertical and horizontal pieces connecting at a common 

point.  Given the lack of data points in the region that would contain the curvature and the uncertainty 

associated with the data points of the diagrams, no curvature was included in the cracking boundary. 

Unlike some previously developed diagrams, the vertical cracking boundary was drawn at a slight 

inclination to indicate that solidification mode may be related to impurity content.  At all three travel 

speeds, at the Creq/Nieq for the transition between primary ferrite and primary austenite solidification a 

variation in solidification mode with impurity content is observed.  For a constant Creq/Nieq of 1.5 at 21 

mm/s and 1.7 at 42 and 85 mm/s, primary ferrite solidification is observed at low impurity contents and 

dual or primary austenite solidification modes are observed at high impurity content.  The change in 

solidification mode could be due to impurity content affecting the solidification mode, or some other 

minor elements not captured in the Cr and Ni equivalencies.  Possible elements not captured in the Espy 

equivalents include Ti, a ferrite stabilizer, and Co, an austenite stabilizer.  Considering the compositions 

of alloys 1 and 59 which exhibit the variability in solidification mode at constant Creq/Nieq for 42 and 85 

mm/s travel speed welds, there is only minor variation in the Ti and Co contents between alloys.  If 

anything, the slightly higher Co content of alloy 1 should slightly increase the tendency for primary 

austenite solidification relative to alloy 59.  Literature [5.46, 5.47] has shown that P and S can lower Cr 

content of the matrix by forming Cr-rich sulfides and phosphides during solidification, effectively 

reducing the Cr equivalent.  Brooks et al. [5.27] observed a similar shift in solidification mode as 

impurity level increased at constant Creq/ Nieq for welding of free-machining austenitic stainless steels and 

incorporated a similar slope to the vertical portion of the cracking boundary in the weldability diagram 
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developed in that work.  The influence of P and S levels of solidification behavior are likely the cause of 

the shift in solidification mode at constant Creq/Nieq, and the slight slope of the vertical cracking boundary 

line is appropriate.  

The outlier (compared to the trend observed for type 21-6-9 steel solidification mode) in the 21 

mm/s travel speed diagram of alloy 34 with some primary austenite solidification at Creq/Nieq of 1.64 

agrees with work from Robino et al. [5.41] where it was observed that Gall-Tough, an alloy similar to 

Nitronic 60, shifted to primary austenite solidification with pulsed laser welding at a Creq/Nieq of 1.79.   

The reason for the outlier in the 85 mm/s diagram with primary austenite solidification in alloy 30 at 

Creq/Nieq of 1.80 is unknown.   

The uncertainty of ±0.019 Creq/Nieq and ±0.0015 wt-% impurity content discussed above 

represent one standard deviation of the chemical composition analysis from the three analyses on the 

same laboratory equipment.  The variation in chemical composition analysis between laboratories must 

also be considered when applying the results of the weldability diagrams.  Recent work from Kotecki and 

Zhang [5.48] highlights the results on chemical composition analysis variability from round robin 

interlaboratory testing of chemical composition for several stainless steels.  To consider the possible 

interlaboratory variability and bias, the Creq/Nieq uncertainty was estimated using published standard 

deviations for chemical analysis from both round robin chemical composition testing [5.48, 5.49] and 

ASTM E1086 [5.50], the relevant standard.  Calculating the uncertainty of Cr and Ni equivalents, the 

possible range of Creq/Nieq is approximately ±0.13 Creq/Nieq.  Using the interlaboratory standard deviation 

for P and S using OES analysis from ASTM E1086 gives an uncertainty of ±0.0018 wt-% P+0.2S, 

slightly higher than the impurity content uncertainty calculated from the single laboratory value.  The 

interlaboratory impurity content uncertainty should be reduced slightly when using inert gas fusion 

technique to measure S as was done in this work. 

The interlaboratory variability of impurity content is not likely to make a large difference when 

applying the weldability diagram to predict solidification crack susceptibility, but the large interlaboratory 

variation in Creq/Nieq could make the use of the diagrams difficult.  Such a large variation in measured 
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chemical composition would not be expected typically, but it must be taken into account the large 

magnitude of variation in Creq/Nieq possible when applying the weldability diagram.  Calibration of the 

OES instrument to a 21-6-9 type standard when measuring the chemical compositions should reduce the 

uncertainty closer to the levels calculated for the single instrument analysis of ±0.019 Creq/Nieq and 

±0.0015 wt-% impurity content.   

 The transition from primary ferrite to primary austenite solidification for a given Creq/Nieq with 

increasing travel speed occurs due increased undercooling at high solidification rates.  Estimating the 

solidification rate (velocity of the solid/liquid interface during solidification) of the welds for each travel 

speed was done using  

)cos(VR   

where V is the welding travel speed and θ is the angle between the dendrite growth and weld travel 

direction [5.51].  Average solidification rates of 6 mm/s at 21 mm/s travel speed, 13 mm/s at 42 mm/s 

travel speed, and 25 mm/s at 85 mm/s travel speed were observed at 50% penetration depth, where the 

solidification rate is expected to be the highest [5.52].  The solidification rate appears to be approximately 

30% of the travel speed for all the conditions, which agrees with average solidification rates reported for 

continuous wave laser welding of super-austenitic stainless steel [5.53].  Pulsed laser welds solidification 

rates are reported to range from 42 to 142 mm/s [5.54], thus the highest travel speeds used in this work 

had solidification rates that approach those in pulsed laser welding.  Again the solidification rates given 

are averages; both solidification rate and temperature gradient vary spatially within the weld pool.  The 

variation of solidification rate and temperature gradient throughout the weld likely causes the dual 

solidification mode where primary austenite transitions to primary ferrite or vice versa.   

Knowing that the solidification rates at 85 mm/s are close to pulsed laser welding that was used to 

develop a weldability diagram for 300 series stainless steels [5.26] allows for comparison between that 

diagram and the 85 mm/s diagram.  To compare Cr and Ni equivalents between Hammar & Svennson 

(H&S) used in that work and the Espy used in this work, approximately 0.15 Creq/Nieq should be 
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subtracted from the Espy equivalent ratio.  The adjustment factor was calculated using the difference in 

Espy and H&S equivalents for the average composition of the alloys used here.  With pulsed laser 

welding Lienert and Lippold reported a minimum Creq/Nieq of 1.69 (H&S) for primary ferrite 

solidification, which is greater than the 1.55 (1.7 Espy adjusted to H&S) Creq/Nieq observed for type 21-6-

9 steel at 25 mm/s solidification rate.  Comparing diagrams developed with different equivalents is 

subjective, but the lower critical Creq/Nieq found for type 21-6-9 steel could be due to the lower 

solidification rates of this work compared to the pulsed laser welding.  For pulsed laser welding of type 

21-6-9 steel or higher travel speeds with continuous wave laser welding where the solidification rates 

would be greater than the conditions in this work, the minimum Creq/Nieq to ensure primary ferrite 

solidification may increase above 1.7. 

5.5.3 Effect of Restraint 

No solidification cracking was observed in the alloys with primary ferrite solidification for the 

given Sigmajig testing conditions.  The stress level for this work was chosen to create reproducible 

cracking in a known crack susceptible heat of type 309 stainless steel with primary austenite 

solidification.  Cracking may be observed at higher stress levels in alloys even with primary ferrite 

solidification.  However in practical use it is known that reduction in crack susceptibility with primary 

ferrite solidification is sufficient to avoid solidification cracking weldability issues.   

In this work, the travel speed was varied to change the solidification rate to observe changes in 

solidification mode.  The change in heat input with travel speed and subsequent changes in local stress on 

the solidifying weld pool were unintentional.  Goodwin [5.55] showed that decreasing heat input 

increased the stress level required to initiate cracking for Sigmajig testing.  However, the changes in crack 

susceptibility with heat input are considered negligible compared to the changes in crack susceptibility 

with solidification mode.   

It is known that immediately behind the weld pool the transverse (relative to the welding 

direction) stresses are compressive, and only at some point away from the pool does the transverse stress 



 105 

change to tensile [5.56], where solidification cracks can then initiate in a susceptible microstructure.  

Also, as discussed when describing the location for the cross-sections taken from the Sigmajig samples, 

modeling work by Feng et al. [5.37] showed the transverse  tensile stress is only expected to develop in 

approximately the second half of the sample.  Varying travel speed during the Sigmajig test shifts the 

locations at which the tensile transverse stress is present.  In the work by Feng et al., at low travel speed 

(4.2 mm/s) the tensile region only develops in the final 20% of the weld length, and at the high travel 

speed (14.8 mm/s) the tensile region was present along 50% of the weld length.  For the roughly constant 

cracking observed with variation in travel speed in this work, the increase in the amount of the sample 

subject to transverse tensile stress as travel speed increases could be offset by the reduced heat input at 

higher travel speeds.  

The modeling work also showed that the longitudinal stress that could promote transverse 

cracking is present in a much larger portion of the sample at high travel speed compared to only at the end 

of the weld at low travel speed.  The large increase in the number of non-centerline cracks observed at 85 

mm/s travel speed relative to the lower travel speeds in this work may be due to changes in the 

longitudinal stress within the weld.   

The lower travel speeds and arc welding used in previous modeling of the Sigmajig test are 

certainly different than the conditions used to develop the weldability diagrams here.  Compared to arc 

welding, the laser welding thermal cycle, weld pool shape, and increased travel speeds would change the 

stress state and the transient nature of the stresses.  Modeling work of the Sigmajig testing with laser 

welding would be beneficial to better quantify the changes in restraint between the three weldability 

diagrams. 

5.6 Conclusions 

1. For type 21-6-9 steels with primary austenite solidification mode, P has a larger effect on 

increasing solidification crack susceptibility relative to S.  Interaction between P and S was 

found to have an insignificant effect on cracking.  A coefficient of 0.2 was determined for S, 



 106 

with total impurity content calculated as P+0.2S.  The S is thought to not contribute 

significantly to solidification cracking because of the formation of globular sulfides during 

solidification. 

2. Weldability diagrams to predict solidification crack susceptibility for laser welding of type 

21-6-9 steel were developed at 21, 42, and 85 mm/s travel speed.   The minimum Creq/Nieq for 

primary ferrite solidification of 1.5 at 21 mm/s travel speed using Espy equivalents shifted to 

1.7 Creq/Nieq at 42 and 85 mm/s travel speed due to the increase in solidification rate as travel 

speed increased.  No cracking was observed in alloys with primary ferrite solidification.  

Cracking in alloys with primary austenite solidification was dependent on impurity content 

and alloy type.  In general solidification cracking occurred for alloys with primary austenite 

solidification and impurity contents greater than 0.02 wt-%. 

3. Type 21-6-9 steels showed relatively high solidification cracking resistance compared to 

Nitronic 50 and Nitronic 60 alloys.  For similar impurity contents, the total crack lengths 

observed for type 21-6-9 steel are much less than the other Nitronic alloys.  Some type 21-6-9 

steels showed resistance to solidification cracking even with primary austenite solidification 

and impurity contents greater than 0.02 wt-%.  Only one commercial type 21-6-9 steel 

exhibited cracking. 
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CHAPTER 6:  SOLIDIFICATION MODE PREDICTION IN LASER WELDED  

 21CR-6NI-9MN STAINLESS STEEL 

This chapter is an article to be submitted to the journal of Science and Technology of Welding and 

Joining.  No content has been changed, only the formatting has been adapted to the thesis format.  To 

model the results from Chapter 5 and provide insight into the transition in solidification mode, 

solidification theory was used to calculate solid-liquid interface temperatures. 

Stephen Tate and Stephen Liu 

6.1 Abstract 

The multi-component KGT model has been applied to the Fe-Cr-Ni-N and Fe-Cr-Mn-Ni-N 

systems to calculate primary solidification mode maps for dendritic solidification during laser welding of 

a 21Cr-6Ni-9Mn-0.3N austenitic stainless steel.  The effects of composition, solidification rate, and 

temperature gradient on solid-liquid interface temperature were evaluated.  The solidification rate where 

primary ferrite solidification is predicted to transition to primary austenite increases as Creq/Nieq increases.  

The predicted solidification rates are approximately an order of magnitude higher than the observed 

experimental results.  Adjustment of model parameters were able to better match the calculated and 

experimental results, indicating further development of thermodynamic databases should improve the 

accuracy of solidification modeling.   

6.2 Introduction 

The primary solidification mode, that is the first solid to form from the liquid, is important in 

welding of austenitic stainless steels.  Either primary austenite or primary ferrite solidification can occur 

depending on alloy chemical composition and solidification conditions.  Solidification crack 

susceptibility is known to be greatly reduced when the solidification mode is primary ferrite [6.1–3].  The 

primary solidification phase is predominantly determined by the balance of austenite stabilizing elements 

and ferrite stabilizing elements in an alloy.  The ratio of Cr equivalent (sum of ferrite stabilizers) to Ni 
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equivalent (sum of austenite stabilizers) is often used to classify the solidification mode as a function of 

composition, with primary austenite occurring at low Creq/Nieq, and primary ferrite above some critical 

Creq/Nieq [6.4, 6.5]. 

As mentioned above, the solidification conditions determined by the process parameters during 

welding can also influence the solidification mode.  Rapid solidification that occurs at high welding travel 

speeds is known to cause primary austenite solidification when primary ferrite would be expected based 

on chemical composition for both arc welding and high energy density processes such as laser and 

electron beam welding [6.6–10].  The dendrite growth kinetics at such high solidification rates (growth 

velocity of the solid-liquid interface) increase undercooling of the dendrite tip, and change the stability of 

austenite relative to ferrite [6.11, 6.12].  As solidification rate increases, at some critical solidification rate 

austenite is stable at a higher temperature than the ferrite and the solidification mode shifts from primary 

ferrite to primary austenite.  With the shift in solidification mode under rapid solidification conditions 

during laser welding, the composition range of alloys susceptible to solidification cracking increases.    

A model to predict solidification mode based on chemical composition, temperature gradient and 

solidification rate would be beneficial in anticipating solidification crack susceptibility.  A model for 

dendritic growth of binary alloys that is applicable to a wide range of solidification conditions was 

initially developed by Kurz, Giovanoli, and Trivedi [6.13], and is often referred to as the KGT model.  

The model was then extended to multi-component systems [6.14, 6.15].  The model provides the ability to 

predict solidification mode by calculating the solid-liquid interface temperature at the dendrite tip as a 

function of growth velocity and temperature gradient.  By calculating the interface temperature for both 

ferrite and austenite, the phase with the higher interface temperature is expected to form for a given 

velocity.  This highest interface criterion assumes there is abundant nucleation of either phase, which is 

reasonable for transformations that occur at high temperatures in the liquid state.  It has been shown that 

this assumption is valid for ferrite transitioning to austenite that would be expected as solidification rate 

increases for austenitic stainless steels [6.16].   The multi-component KGT model has been shown to 
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properly predict solidification mode for laser welding of Fe-Cr-Ni-C [6.16–18] and Fe-Cr-Ni-N [6.19] 

systems studied to model 300 series stainless steels.   

High-N, high-Mn austenitic stainless steels, such as type 21Cr-6Ni-9Mn-0.3N (21-6-9), are 

another engineering material that are known to exhibit a shift in solidification mode to primary austenite 

when solidification rate increases during laser welding [6.20].  The composition of type 21-6-9 steel is 

significantly different than 300 series stainless steels modeled previously.  In this work the Fe-Cr-Ni-N 

and Fe-Cr-Mn-Ni-N systems have been considered in the multi-component KGT model to understand 

rapid solidification of laser welded type 21-6-9 steel.  The influence of temperature gradient and 

solidification rate has been studied for a range of type 21-6-9 steel compositions to understand the 

selection of ferrite and austenite during solidification.  The modeling results are compared to 

experimental laser welds for a range of chemical compositions and solidification rates.   

6.3 Calculation of Interface Temperature 

Knowing that the columnar or cellular dendritic morphologies will be formed with the positive 

temperature gradient (that is the temperature increases moving into the liquid away from the solid-liquid 

interface) present during weld solidification, the interface temperatures were only calculated for dendritic 

morphology.  The equations and methods used to calculate dendrite tip radius and solid-liquid interface 

temperatures are given in this section.  During rapid solidification, the partition coefficient and liquidus 

slopes are known to deviate from the equilibrium values.  The velocity dependent partition coefficient, 

  
 , and liquidus slope,   

 , for a given ith element are given by Equations 6.1 and 6.2, respectively.  

  
  

  
     

 
  

  

     
 

  
  

                 (6.1) 

 

  
    

  
    

         
   

    

    
       (6.2) 

 

In Equation 6.1,   
  is the equilibrium partition coefficient for each “i” alloying element in the 

multi-component system,    is the characteristic diffusion distance,   is the solid-liquid interface 

velocity, and    is the diffusivity of element “i” in the liquid.  The characteristic diffusion distance, or 
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length scale for solute trapping is related to interatomic distance [6.13, 6.21].   In Equation 6.2,   
  is the 

equilibrium liquidus slope in the multi-component system for each “i” alloying element.  With the 

velocity dependent partition coefficient and liquidus slopes calculated for each element, the dendrite tip 

radius can then be calculated using Equation 6.3.  
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In Equation 6.3,   is the Gibbs-Thomson coefficient,   is the dendrite tip radius,   is the 

temperature gradient,     is the Péclet number given by Equation 6.4,   
   is the liquid concentration at 

the dendrite tip given by Equation 6.5, and   
  is the absolute stability coefficient given by Equation 6.6.   
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In Equation 6.5,   
  is the initial liquid composition for a given element, and         is the 

Ivantsov function which is dependent on Péclet number.  Details of the Ivantsov function can be found in 

[6.22].  The tip radius is calculated by finding the minimum root of Equation 6.3, which was solved using 

numerical techniques.  Once R is determined, the temperature of the solid-liquid interface can then be 

calculated using Equation 6.7. 
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In Equation 6.7,   is the interface kinetic coefficient.  The dendrite interface temperature,   , is 

the sum of the bulk liquidus temperature,   , and the total undercooling.  Contributions to the total 

undercooling include (in order of the terms on the right side of Equation 6.7) solute undercooling, 

curvature undercooling, kinetic undercooling, and cellular undercooling.  Kinetic undercooling is due to 
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the kinetics of atom attachment at the solid-liquid interface, and is typically only significant at high 

solidification rates.  Cellular undercooling is due to the diffusion of solute down the concentration 

gradient and ahead of the solid-liquid interface [6.23], and is dominant at low solidification rates.  The 

derivation and detailed explanations of the equations can be found in references [6.13, 6.21, 6.24, 6.25].   

Parameters determined for the Fe-Cr-Ni-N and Fe-Cr-Mn-Ni-N systems used in this work are 

given in Table 6.1.  The parameters of liquidus temperature, partition coefficient, and liquidus slope were 

calculated using Thermo-Calc software [6.26] with the TCFE7 Steels/Fe-alloys database version 7.  Other 

parameters of Gibbs-Thomson coefficient, diffusivities in the liquid, kinetic coefficient, and interatomic 

length scale were all taken from literature values.  Note that the constant diffusivity was assumed for all 

substitutional elements, but the increased diffusivity of nitrogen was accounted for.  A linearized phase 

diagram approach is taken where liquidus slopes and partition coefficients are assumed to be constant, 

which has been shown to be a reasonable assumption [6.27]. 

 

Table 6.1: Values used for calculation of solid-liquid interface temperature 

Parameter 
Fe-Cr-Ni-N Fe-Cr-Mn-Ni-N 

Reference 
δ γ δ γ 

TL (K) 1731.7 1719.1 1694.0 1681.6 - 

kCr 0.936 0.810 1.01 0.822 - 

kNi 0.812 1.052 0.745 1.046 - 

kMn - - 0.808 0.894 - 

kN 0.209 0.559 0.188 0.554 - 

mCr (K/wt-%) -51 -454 82 -464 - 

mNi (K/wt-%) -596 -59 -387 -45 - 

mMn (K/wt-%) - - -619 -401 - 

mN (K/wt-%) -8482 -1245 -8963 -896 - 

Γ (m K) 2.6x10
-7

 3.2x10
-7

 2.6x10
-7

 3.2x10
-7

 [6.28] 

DCr,Ni,Mn (m
2
/s) 3.3x10

-9
 3.3x10

-9
 [6.29] 

DN (m
2
/s) 1.1x10

-8
 1.1x10

-8
 [6.30] 

μ 10 10 [6.27] 

a0 (m) 5x10
-9

 5x10
-9

 [6.27] 
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Three chemical compositions, given in Table 6.2, were chosen to simulate Creq/Nieq ratios of 1.3, 

1.55, and 1.8 for type 21-6-9 steel.  The constants listed in Table 6.1 were based on the composition for 

1.55 Creq/Nieq.  The constants were found to change minimally between compositions for the range used 

here.  The same constants were used for modeling of all three compositions.  The equivalencies were 

approximated using Espy [6.31] coefficients.  For the Fe-Cr-Ni-N calculations, the same composition was 

used disregarding the Mn content listed.  

The Fe-Cr-Mn-Ni-N system was considered first.  However, using a lower order system 

(quaternary instead of quinary) will reduce the number of interactions ignored during the calculation of 

partition coefficients and liquidus slopes in Thermo-Calc, which may improve the model.  The Fe-Cr-Ni-

N was also considered because the Mn is expected to partition similarly in both austenite and ferrite 

during solidification, so the difference in Mn solute undercooling may be minimal between ferrite and 

austenite. 

 

Table 6.2: Compositions used for calculations (wt-%, balance Fe) 

Element 1.3 Creq/Nieq 1.55 Creq/Nieq 1.8 Creq/Nieq 

Cr 19.25 19.75 20.0 

Ni 7.25 6.75 6.50 

Mn 9.0 9.0 9.0 

N 0.38 0.30 0.23 
 

 

6.4 Experimental 

Experimental results to compare to the calculated solidification mode selection are taken from 

recent results presented on weldability diagrams for laser welded type 21-6-9 steel [6.32].  Detailed 

experimental procedures can be found in that work and are not repeated here.  To summarize the work, 

bead-on-plate laser welds during Sigmajig testing were analyzed to determine solidification mode and 

solidification cracking behavior for a wide range of type 21-6-9 steel chemical compositions at three 
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travel speeds.  Results from the solidification mode analysis are compared to the model calculations 

presented in this work. 

Average solidification rate at three travel speeds of 21, 42, and 85 mm/s were reported to be 

6x10
-3

, 1.3x10
-2

, and 2.5x10
-2

 m/s, respectively [6.32].  At the minimum solidification rate of 6x10
-3 

m/s, 

only type 21-6-9 steels below 1.5 Creq/Nieq showed primary austenite solidification.  As solidification rate 

increased to 2.5x10
-2

 m/s, the transition between primary ferrite and primary austenite solidification 

shifted to compositions of 1.7 Creq/Nieq.  The Creq/Nieq ratios of 1.3 to 1.8 used in the modeling cover the 

majority of the range of alloys used in the weldability diagram work.  The three compositions used for 

this modeling work were chosen to simulate a low, medium and high Creq/Nieq that should allow for 

comparison to the complete range of experimental results.   

Weld pool temperature gradients,  , can either be calculated with numerical modeling or 

determined experimentally to input into the interface temperature calculations.  In this work 

measurements of solidification rate and cooling rate estimations based on dendrite arm spacing 

measurements were used to calculate the temperature gradient for the experimental welds.  Solidification 

rate,  , and cooling rate,  , can be used to calculate temperature gradient using      .  The 

relationship between primary arm spacing and cooling rate developed by Katayama for austenitic 

stainless steels [6.33] was used.  For a measured primary arm spacing of 3.0 μm,   can be calculated using 

              

giving a cooling rate of 2.1x10
4
 K/s [6.33].  With the calculated cooling rate and a travel speed of 6 mm/s, 

the temperature gradient is given by 

  
           

          
            

The primary dendrite arm spacing measurements, λ1, and resulting temperature gradients from the 

experimental welds are given in Table 6.3.  Three different locations along the depth of the weld were 

measured: the top, middle and root of the weld.  A minimum of 50 primary arm spacings per condition 

were measured, and the average standard deviation of the primary arm spacing measurements was 0.2 
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μm.  Temperature gradients ranged from approximately 2 x10
6 
to 7x10

6
 K/m.  The temperature gradients 

were found to vary more spatially within the welds, with little variation between travel speeds.  A 

temperature gradient of 4x10
6
 K/m was chosen for the modeling based on the range of the experimental 

temperature gradients.   

 

Table 6.3: Temperature gradients for experimental welds 

Travel 

Speed 

(mm/s) 

Laser 

Power  

(W) 

Location 
λ1  

(μm) 

ε  

 (K/s) 

V 

 (m/s) 

G 

 (K/m) 

21 550 Top 3.44 1.4x10
4
 6x10

-3
 2.3x10

6
 

21 550 Middle 3.19 1.7 x10
4
 6x10

-3
 2.9x10

6
 

21 550 Root 2.43 4.0 x10
4
 6x10

-3
 6.6x10

6
 

42 750 Top 2.75 2.7 x10
4
 1.3x10

-2
 2.1x10

6
 

42 750 Middle 2.49 3.7x10
4
 1.3x10

-2
 2.8x10

6
 

42 750 Root 1.93 7.9 x10
4
 1.3x10

-2
 6.1x10

6
 

85 1100 Top 2.22 5.2 x10
4
 2.5x10

-2
 2.1x10

6
 

85 1100 Middle 1.83 9.3 x10
4
 2.5x10

-2
 3.7x10

6
 

85 1100 Root 1.71 1.2 x10
5
 2.5x10

-2
 4.6x10

6
 

 

 

6.5 Results and Discussion 

The following sections present the results and discussion for calculations of the Fe-Cr-Mn-Ni-N 

model and the Fe-Cr-Ni-N model and comparison to experimental results. 

6.5.1 Fe-Cr-Mn-Ni-N System 

Calculating the dendrite tip temperature for both ferrite and austenite over a range of 

solidification rates was used to generate the phase selection maps presented here.  Figure 6.1 shows the 

dendrite tip temperature as a function of solidification rate calculated for the Fe-Cr-Mn-Ni-N system.  For 

both ferrite and austenite, the tip temperature increases rapidly as the dendritic interface is stabilized, 

passes through a maximum and then begins decreasing.  The lower limit of dendritic stability where the 

dendrite tip temperature falls rapidly at low solidification rates is approximately 5x10
-4

 m/s for ferrite and 

7x10
-4

 m/s for austenite, below which a planar interface is stable.  At solidification rates above 3x10
-1
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m/s, the absolute stability limit of austenite is reached and a planar interface will form again.  The upper 

velocity limit for dendritic solidification as ferrite is beyond the scale of the plot.  Ferrite is predicted to 

have the higher dendrite tip temperature for all compositions at low velocities, and primary ferrite 

solidification is predicted.  The black circles indicate the predicted transitions from primary ferrite to 

primary austenite solidification.  At 1.3 Creq/Nieq the transition velocity above which austenite has the 

higher dendrite tip temperature and primary austenite solidification is expected is 4x10
-2

 m/s.  As 

Creq/Nieq increases, the transition velocity increases as would be expected. The transition from primary 

ferrite to primary austenite is predicted at 1.6x10
-1

 m/s at 1.8 Creq/Nieq, compared to 2.5x10
-2

 m/s for the 

experimental results at 1.8 Creq/Nieq. 

 

 

Figure 6.1: Solid-liquid interface temperature as a function of interface velocity for Fe-Cr-Mn-Ni-N 

calculated at 4x10
6
 K/m temperature gradient.  Vertical lines indicate range of 

solidification rates observed in experimental welds. 
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The predicted transition velocities are approximately an order of magnitude higher than the 

experimental values for transition velocities at 1.55 and 1.8 Creq/Nieq which are indicated by the plotted 

vertical lines at 6x10
-3

 and 2.5x10
-2

 m/s.  Results from Fukumoto on the Fe-Cr-Ni-N system [6.17] also 

showed the calculated transition velocities were higher than experimental, but only by a factor of 4.  

Another inconsistency between experimental and calculated is the behavior of the 1.3 Creq/Nieq alloy at 

low solidification rates where primary ferrite solidification is predicted by the model.  Alloys with such 

high levels of austenite stabilizers show primary austenite solidification for a wide range of solidification 

rates (i.e., from ingot casting to laser welding).  Thus for 1.3 Creq/Nieq, only primary austenite 

solidification would be expected.  Similarly, work on the Fe-C-Mn-Al system [6.27] required 

modification of the composition for the model to replicate the observed experimental solidification 

behavior, and the calculated transition velocity was still higher than expected as well.  The differences in 

modeled and experimental behavior, both in this work and literature [6.17, 6.27,6. 34], are attributed to 

the difficulty in obtaining reliable and accurate input parameters for the model.  Further discussion of 

model parameters is considered in following sections. 

In Figure 6.1, the change in transition velocity with composition is mainly a function of the 

changes in ferrite tip temperature.  All three austenite curves lie on top of each other, with very little 

change in the austenite tip temperature as composition changes.  The smaller changes in austenite tip 

temperature with composition change could be attributed to the lower liquidus slopes in austenite 

compared to ferrite, particularly for N.  The contribution of individual solutes to the constitutional 

undercooling for each phase was calculated as a function of solidification rate and is shown in Figure 6.2 

for the 1.5 Creq/Nieq alloy.  The Cr in ferrite and Ni in austenite provide negligible undercooling because 

the partition coefficients are close to unity.  The largest contribution to solute undercooling in austenite is 

Cr, and the changes in Cr content between alloys is small (compared to the overall concentration), 

explaining the small variation in austenite dendrite tip temperature as composition changes.  Nitrogen 

affects solute undercooling in austenite less than Mn, even with N having a steeper liquidus slope and 

lower partition coefficient due to the low concentration of N.  In ferrite the solute undercooling of N is 
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dominant, and Ni and Mn also make significant contributions.  Looking at the contributions of Mn to 

solute undercooling for both ferrite and austenite indicate removing Mn from the model may be a 

reasonable assumption.  In ferrite the Mn provides slightly more undercooling than in austenite for a 

given velocity, but not by a large amount.  It may be possible that reducing the order of the system, which 

reduces the interactions that the thermodynamic database must consider, will provide better parameters 

for partition coefficients and liquidus slopes, improving the model. 

 

 

Figure 6.2: Solute undercooling as a function of solidification rate for Cr, Mn, Ni, and N in both ferrite (δ) 

and austenite (γ). 

 

6.5.2 Fe-Cr-Ni-N System 

Removing Mn from the model to evaluate a Fe-Cr-Ni-N system led to minor changes in partition 

coefficients and liquidus slopes.  The liquidus temperatures for both austenite and ferrite are higher 

compared to the system with Mn, but the difference in liquidus temperature between austenite and ferrite 
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is similar for both systems.  Figure 6.3 shows the calculated dendrite tip temperatures as a function of 

solidification rate for both phases and all three compositions.  The lower limit of dendritic stability is 

9x10
-4

 m/s for austenite and ranges from 7x10
-4

 to 9x10
-4

 m/s for ferrite, both of which are only slightly 

higher than for the Fe-Cr-Mn-Ni-N results.  A rapid increase in temperature up to a maximum and then 

decreasing tip temperature for both phases is predicted, similar to the results for the Fe-Cr-Mn-Ni-N 

system.  At high solidification rates, austenite shows a similar absolute stability limit, and the ferrite 

curves have shifted.  The model predicts a transition velocity of 0.1 m/s at 1.3 Creq/Nieq, again much 

higher than the experimental range and a larger difference between experimental and calculated than for 

initial model.  At 1.8 Creq/Nieq the ferrite curve no longer intersects the austenite, indicating that a planar 

austenite interface should intersect the ferrite curve at some solidification rate greater than the dendritic 

stability limit of 0.3 m/s.  Similar to the model with Mn, the austenite curves for all three compositions 

are essentially the same.  The predicted temperatures for the Fe-Cr-Ni-N are higher than those calculated 

for Fe-Cr-Mn-Ni-N which is due to the difference in liquidus temperatures.  Overall the model excluding 

Mn predicts similar behavior to the initial model.  Both models show the expected increase in transition 

velocity with increasing Creq/Nieq, but do not replicate the observed experimental behavior.   

6.5.3 Model Parameters 

The difference in experimental and calculated behavior is expected to be due to the input 

parameters used.  Changes in the various parameters were considered to improve the model and are 

discussed in this section.  

At 1.3 Creq/Nieq and solidification rates within the experimental range both models show similar 

behavior with much lower dendrite tip temperatures for austenite than ferrite.  As mentioned above, 

primary austenite solidification is expected at such a low Creq/Nieq regardless of solidification rate.  To 

better approximate the experimental behavior, an increase in the austenite (or decrease in the ferrite) tip 

temperature is needed at low solidification rates.  Given the minimal solute undercooling at those 

solidification rates (see Figure 6.2), the changes is solute undercooling that would accompany variations 
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Figure 6.3: Solid-liquid interface temperature as a function of interface velocity for Fe-Cr-Ni-N calculated 

at 4x10
6
 K/m temperature gradient.  Vertical lines indicate range of solidification rates 

observed in experimental welds. 

 

in liquidus slopes and partition coefficients would not likely make the large shift necessary.  Curvature 

undercooling is known to be insignificant at solidification rates near the low velocity planar transition 

[6.17] and was approximately 0.5 K for a solidification rate of 2x10
-3

 m/s in this work, thus even large 

changes in the Gibbs-Thomson coefficient would not account for the temperature difference between 

phases at low solidification rates.  The kinetic undercooling being on the order of fractions of a degree 

Kelvin is negligible at low solidification rates, and large changes in kinetic coefficient would influence 

both phases equally.  Changes in the temperature gradient would have an impact on low solidification rate 

calculated temperatures; however any changes would affect both phases equally.   

The most likely parameter to have a large influence on the difference between modeled and 

observed solidification modes is the liquidus temperature.  The large difference in liquidus temperatures 
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between ferrite and austenite indicates the thermodynamic database is predicting austenite to be much less 

stable than ferrite at the given composition.  A much smaller difference in liquidus temperature between 

ferrite and austenite was shown for the Fe-Cr-Ni-C work by Fukumoto and Kurz [6.17], 2.6 K compared 

to approximately 12.5 K in this work.  The C concentration was much lower than the N content modeled 

in this work, which could account for some of the difference.  The model for the Fe-Cr-Ni-N system was 

calculated with a higher austenite liquidus temperature to compare to the initial model.  An austenite 

liquidus temperature was chosen to more closely approximate the observed experimental behavior.  The 

adjusted and initial austenite tip temperature curves are shown in Figure 6.4.   

Increasing the austenite liquidus temperature by 10.9 K resulted in the model replicating the 

observed experimental behavior.  Both the correct transition velocities and primary austenite 

solidification for all solidification rates at 1.3 Creq/Nieq are captured by the model.  The shift in liquidus 

temperature used was found iteratively to best match the experimental data; there is no significance to the 

10.9 K offset.  The excellent fit of the adjusted austenite curve to the experimental data is likely 

coincidental.  It is expected there would be changes in partition coefficient and liquidus slopes as well if 

the thermodynamic database is inaccurate in predicting liquidus temperature, which would change the 

shape of the curves for both phases.  Future work to identify accurate model parameters is necessary. 

The effects of the various undercooling terms on dendrite tip temperature were discussed above. 

Variation of diffusion coefficients and temperature gradient were also considered.   Similar to Babu et al. 

[6.27], order of magnitude changes in diffusivity adjust the solidification rates where dendritic 

solidification is stable, but the ferrite and austenite curves shift together with no change relative to each 

other.  It is assumed that the components diffuse independently of each other, which may not be entirely 

correct.  Any error from assuming the solutes diffuse independently would be expected to affect ferrite 

and austenite similarly because it the diffusion in the liquid ahead of the solid, and would have little 

impact on the calculated transition velocities.   

The changes in heat flow associated with different weld bead morphologies would affect the 

temperature gradients in the weld pool.  Similarly changes in processing parameters outside the 



 125 

 

Figure 6.4: Model of Fe-Cr-Ni-N system at 4x10
6
 K/m temperature gradient with austenite liquidus 

temperature adjusted to closer approximate observed experimental solidification modes.  

 

range used in this work would influence the temperature gradient.  The dendritic interface temperatures 

for an order of magnitude decrease in temperature gradient were considered.  Figure 6.5 shows the phase 

selection map for a temperature gradient of 4x10
5
 K/m for the Fe-Cr-Ni-N system with both the original 

austenite curve and the austenite tip temperature with the adjusted liquidus temperature.  The decrease in 

temperature gradient stabilizes the dendritic interface to approximately one order of magnitude lower 

solidification rates.  For the original liquidus temperature, as the temperature gradient decreases the 

velocity for the transition between ferrite and austenite increases by approximately 5x10
-4

 m/s, an amount 

not noticeable on the plot.  For the model with the adjusted liquidus temperature, the transition velocity 

increases 1x10
-3

 m/s and is observed on the plot.  The 1.3 Creq/Nieq alloy also shows a transition to ferrite 

at low solidification velocities with the lower temperature gradient. 
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Figure 6.5: Solid-liquid interface temperature as a function of interface velocity for Fe-Cr-Ni-N at 4x10
5
 

K/m temperature gradient.  Note change in scale for solidification rate. 

 

The increase in transition velocity observed with a decrease in temperature gradient with the 

model supports experimental observations of temperature gradient affecting solidification mode for a 

given composition and solidification rate [6.20].  In partial penetration laser welds in type 21-6-9 steel 

[6.20] it was suggested that primary ferrite observed at the top of the weld where primary austenite was 

observed in the remainder of the weld could be due to the lower temperature gradient present at the weld 

surface.  It may be circumstantial to suggest that temperature gradient can affect solidification rate at 

which the transition between ferrite and austenite occurs based on the modeling work alone because the 

most notable change in transition velocity occurs for the adjusted liquidus temperature model.  However, 

both the model and experimental work support the theory that as temperature gradient decreases, an 

increase in solidification rate for the transition of primary solidification mode occurs. 
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6.6 Conclusions 

1. The multi-component KGT model was used to calculate primary solidification mode maps 

for the Fe-Cr-Ni-N and Fe-Cr-Mn-Ni-N systems to model dendritic solidification during laser 

welding of type 21-6-9 steel.  The solidification mode maps predict dendrite tip temperature 

as a function of solidification rate for both ferrite and austenite at Creq/Nieq values of 1.3, 

1.55, and 1.8. 

2. Results from full penetration laser welds on a range of type 21-6-9 steel chemical 

compositions were compared to the experimental results.  The model correctly predicts an 

increase in the solidification rate where primary austenite is predicted over primary ferrite as 

Creq/Nieq increases.  The predicted solidification rates are approximately an order of 

magnitude higher than the solidification rates for primary austenite to be observed in the 

experimental welds at a given Creq/Nieq. 

3. The various model input parameters were considered and adjusted for the model to better 

approximate the experimental results.  The model is useful for analyzing solidification mode 

for the rapid solidification conditions of laser welding, but future work is necessary to 

generate more reliable parameters. 

4. It is proposed that as temperature gradient decreases, the critical solidification rate required to 

shift the solidification mode from primary ferrite to primary austenite increases for a given 

Creq/Nieq.  This prediction from the model agrees with experimental observations for laser 

welded type 21-6-9 steel. 
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CHAPTER 7:  CONCLUSIONS 

7.1 Summary 

A general summary of the work is given here; the specific findings have been presented in the 

conclusions section of each chapter.  The laser weldability of type 21-6-9 stainless steel has been 

characterized.  The overall objective for this research was to understand the influence of material 

chemical composition and processing parameters on the laser weldability of type 21-6-9 steel.  Studies on 

the general welding behavior, solidification behavior, solidification crack susceptibility, and solidification 

theory have been used to achieve this objective.  The process parameter and chemical composition ranges 

where weldability issues are expected have been defined.  Overall, type 21-6-9 steel shows good laser 

weldability.   

Specifically for the general welding behavior, the relationship between processing parameters and 

bead morphology, porosity, nitrogen loss, and weld metal microhardness was presented.  Fiber laser 

welding is able to achieve weld bead shapes and aspect ratios comparable to electron beam welding in 

type 21-6-9 steel.  Laser welding of type 21-6-9 steel shows improved weldability considering that the 

formation of large root porosity typical of electron beam welded type 21-6-9 steel was not observed in 

this work.   

The effects of alloying element loss, solidification rate and temperature gradient on variation in 

solidification mode were characterized.  The solidification mode and ferrite content of laser welded type 

21-6-9 steel was shown to be a function of both solidification conditions and chemical composition.  

Increasing Ni equivalent and solidification rate can both shift the solidification mode from primary ferrite 

to primary austenite.  It was also observed that temperature gradient influences solidification mode, which 

to the best knowledge of the author is not previously reported in literature.   

An improved method to measure dendrite growth angle using both top and side view cross-

sections has been proposed.  For complex weld pool shapes where the dendrite growth direction does not 
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lie in the plane of the metallographic cross-section, the solidification rate can be more accurately 

determined with two views of dendrite growth angle.  The conclusion that temperature gradient influences 

solidification mode is still valid in light of the improved solidification rate measurements. 

The effects of impurity elements of P and S on solidification crack susceptibility during primary 

austenite solidification of laser welded type 21-6-9 steel were determined.  It was found that P has a 

greater effect on solidification crack susceptibility relative to S.  A relationship of P+0.2S was established 

for calculating total impurity content.  The relationship between alloy composition (in terms of Creq/Nieq) 

and solidification mode was established for a range of solidification rates.  A weldability diagram was 

developed for laser welded type 21-6-9 steel in the typical fashion of impurity content plotted as a 

function of Creq/Nieq.   The weldability diagrams allow prediction of solidification mode and solidification 

crack susceptibility specifically for type 21-6-9 steel for a given chemical composition and solidification 

rate.  Defining the effect of different impurities and extending the weldability diagram to multiple 

processing conditions are new developments to any weldability diagrams.  

Solidification theory in the form of the multi-component KGT model was used to develop a 

model for the changes in solidification mode observed and relate the changes to solidification conditions.  

Both Fe-Cr-Ni-N and Fe-Cr-Mn-Ni-N systems were used to model the solid-liquid interface temperature 

for ferrite and austenite to predict solidification mode as a function of solidification conditions.  The 

model results predict the general trend observed that an increase in Creq/Nieq is required for primary ferrite 

solidification as solidification rate increases.  More accurate input parameters are needed to improve the 

model accuracy in predicting the solidification rates at which the transition in solidification mode occurs.  

Examining the effect of temperature gradient with the model, the solidification rate at which the transition 

to primary austenite solidification occurs is predicted to increase as temperature gradient decreases.  This 

finding supports the experimental observations of temperature gradient affecting solidification mode.  
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7.2 Future Work 

The results of this thesis have improved the fundamental knowledge of the laser weldability of 

type 21-6-9 steel.  Based on the results of this research, the development of several topics is proposed to 

expand on this work. 

No attempt was made in examining the changes in general laser welding behavior with 

composition changes for type 21-6-9 steel, because a limited study on composition change effects on 

EBW behavior exists and the focus of the research was the solidification work.  Small variations in 

chemical composition within the composition range of type 21-6-9 steel may not cause much change in 

welding behavior.   Examining the effects of chemical composition variation outside the range of type 21-

6-9 steel on general welding behavior may elucidate why type 21-6-9 steel shows different laser welding 

behavior (both porosity and bead morphology) than 300 series stainless steels.  Examining compositions 

spanning the gap between type 21-6-9 steel and 300 series alloys would further the fundamental 

knowledge of keyhole laser welding.  Using high speed in-situ X-ray radiography to monitor keyhole 

shape and fluid flow for the various compositions may provide insight on the effects of chemical 

composition on laser welding behavior. 

Some of the defects, both porosity and solidification cracks, generated during laser welding of 

type 21-6-9 steel are on the order or tens of micrometers in size.  Using a fracture mechanics based 

approach, finding a limit of tolerable defect size for given mechanical property requirements may be 

useful and possibly allow adjustment of the process parameter and chemical composition windows based 

on maximum flaw size. 

Further investigation of the solidification cracking mechanisms during primary austenite 

solidification may be of interest.  The variation in cracking behavior observed for type 21-6-9 steels with 

very minor chemical composition differences and similar impurity contents indicates that the influence of 

elements other than P and S on cracking may need to be investigated if primary austenite solidification 

cracking resistance is desired.  In this work and others, Mn has been shown to reduce solidification 
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cracking susceptibility during primary austenite solidification.  Further research is necessary to clarify the 

role of Mn on reducing primary austenite solidification crack susceptibility.  

The change in cracking behavior observed at high travel speeds in the weldability diagram 

development work could be further investigated with numerical modeling methods.  Modeling the change 

in stress state within the weld pool during Sigmajig testing as travel speed changes may provide insight 

into the shift in solidification crack locations for the high travel speed welds. 

To improve the solidification modeling work, some experimental measurements may be helpful.  

Liquid tin quenching of a weld pool has been applied in the past to measure dendrite tip radii in GTA 

welding, allowing the solidification structure to be quenched in at the solid-liquid interface without the 

coarsening that occurs during solidification.  Application of liquid tin quenching to laser welding may be 

challenging with the smaller weld pools, but the ability to compare predicted and experimental dendrite 

tip radii would allow refinement of input parameters for the model. 
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