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ABSTRACT 
 

Variation in the welding environment for laser beam welding and electron beam welding can alter 

the resulting weld chemical composition, microstructure and therefore the mechanical properties.  The 

room temperature mechanical properties of Nitronic 40 stainless steel weld metal from three different 

heats containing 0.24, 0.28, and 0.31 wt. pct. nitrogen were evaluated for continuous mode Ytterbium 

doped Fiber laser welds conducted with argon and nitrogen shielding gases, and for electron beam 

welds.  The bulk nitrogen contents were monitored and the resulting properties were then related to 

microstructural features measured using Electron BackScatter Diffraction (EBSD). 

Traditional tensile testing of weld metal is conducted on composite tensile bars consisting of base 

metal and weld metal often leading to failure in the region adjacent to the weld due to strength mismatch 

at the weld interface.  These tests provide composite strength but do not specifically determine the 

mechanical properties of the heterogeneous weld metal. In this research, microtensile testing was 

conducted to characterize the properties of the different regions of the weld. 

The microtensile testing procedures were developed using two geometries of tensile bars 

measuring the properties through the thickness of 3 mm full penetration welds. In all cases an increase in 

the strength of the weld metal was found to occur, though the electron beam welds exhibited a higher 

strength than the laser welds.  Standard predictive equations were found to under-predict the strength of 

the laser welds, even when average grain size or intercept distances were measured.  The contribution of 

nitrogen solid solution strengthening was consistent at approximately 513 MPa per wt. pct. nitrogen. 

Similar cooling rates and heat inputs allow for a comparison across high energy density welding 

techniques. Though microstructural differences through the depth of the weld metal were observed as 

nitrogen vaporization decreased and cooling rates increased.  Vermicular ferrite, lacy ferrite and 

intercellular ferrite were identified as predicted in prior research done on high nitrogen austenitic stainless 

steels.  The resulting laser weld metal microstructures were analyzed with EBSD for grain size and ferrite 

content measurements, while grain boundary character was determined for a Hansen model used for 

multi-scale mechanical property measurements. It was found that the low angle grain boundaries were the 

predominant microstructural feature responsible for strengthening within the weld metal and that this 

contribution must be accounted for when predicting yield strength of the weld metal. 
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CHAPTER 1:  INTRODUCTION 

Since the first lasers theoretically proved by Einstein in 1917, and the development of lasers by 

Brossel and Winter in 1950, their use has only become more common in science and engineering.  Their 

use has expanded beyond cutting and welding (1967) as their efficiency has increased and the cost has 

decreased1.  Since the inception of Electron Beam Welding (EBW), developed in the 1950’s, EBW has 

been in competition with Laser Beam Welding (LBW) for its high travel speeds and reduced heat input 

compared to traditional arc welding.  These two high energy density welding processes are now used as 

the technologies have matured and our understanding of each process has grown.  Furthermore, in the past 

30 years, both electron and laser beam welding have been gaining in popularity due to improved 

performance, reduced costs and increased reliability.  The advantages of high energy density welding 

processes like electron beam and laser beam have high penetration, low heat input, and increased travel 

speeds.   With these high energy density welding processes issues with residual stresses, alloying element 

vaporization, and weld-base metal strength mismatch need to be investigated. 

Welding procedure development and weld mechanical property assessment for high strength 

austenitic stainless steels is important for many engineering applications.  Issues with the weldability and 

mechanical properties of these welds are paramount for safety concerns for key structures.  As weldments 

inherently have defects, it is important to be able to predict weld metal strength compared to the base 

metal.  In most cases it is advised to overmatch the strength of a weld metal to its base metal, which can 

be determined via traditional hardness testing then applied to predict differences in strengths between the 

base metal, heat affected zone and weld metal.   Furthermore, traditionally to test the joint strength of a 

weld, either a standard (ASTM E8) or subsize (ASTM E8M) tensile specimen with a transverse weld in 

the gauge section is tested.  However, this method does not provide this method does not provide weld 

metal strength; to measure weld metal strength an all weld metal reduced tensile specimen can be made 

by extracting a tensile bar from a specific region for testing.  In the case of high energy density welds, the 

small size of the weld can limit the ability to determine the mechanical properties of the weld metal, while 

the joint strength is easier to test. In most cases, the weld strength of the weld metal is not determined and 

weld design is determined using base metal mechanical properties rather than distinguishing the weld 

metal and base metal. 

Nitronic 40 stainless steel has been used for the past 30 years in both aerospace and cryogenic 

applications.  These alloys provide high strength and corrosion resistance due to the precise additions of 

nitrogen, chromium, nickel and manganese.  These alloying elements are used to stabilize the austenite 

phase to room temperature, increase solubility of one another in austenite, and to provide strength in the 
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material.  However, due to the low vapor pressure of nitrogen and the high temperatures experienced 

during welding nitrogen and manganese have been known to vaporize during welding of these alloys.  

The use of a nitrogen shielding gases has been suggested to prevent nitrogen loss2, though in a pressurized 

environment rather than in an industrial environment where a shielding gas would be used.  The 

distribution of nitrogen content in the weld metal has not been well characterized; typical measurements 

use bulk weld specimens for weld nitrogen content determination.  The nitrogen profiles through the 

thickness of the welds have not been measured due to difficulty in quantitatively determining nitrogen 

contents even using advanced techniques. 

Predominant strengthening mechanisms in metals include: solid solution strengthening, grain size 

strengthening, precipitation strengthening which all vary on a materials microstructure and chemical 

composition.  Specifically in Nitronic 40 stainless steel, the main active strengthening mechanisms 

include grain size refinement and solid solution strengthening.  In autogenous weld metal, the solid 

solution strengthening is affected by the aforementioned vaporization of alloying elements, while grain 

refinement can be controlled by alloying additions to the base metal and via process parameter control.  A 

variety of microstructures are well known to occur in traditional welding3,4 and high energy density 

welding4,5 where both chemical composition and processing parameters have been shown to greatly vary 

the solidified grain size and phase composition of the weld metal.  Through careful control of process 

parameters the alloying loss can be mitigated, and the grain refinement could be controlled.  However, the 

heterogeneous weld microstructures and anisotropic solidification structures prevent typical equiaxed 

grain size measurements.  .  Thus, standard equations for predicting grain size strengthening are difficult 

to apply for the determination  of grain refinement on strength. 

This research aims to characterize and interpret the compositional differences, weld metal 

mechanical properties, and heterogeneous microstructure within laser and electron beam weld metal of 

heats of Nitronic 40 stainless steel with initial variations of nitrogen of 0.1 wt. pct. or more. Microtensiles 

specimens were created from the weld metal, broken in tension, and their fracture surfaces investigated.  

Yield strengths, elongations, and ultimate tensile strengths for the weld metal tested in the longitudinal 

direction, parallel to the travel direction, were measured.  Nitrogen contents of the microtensile bar gauge 

sections from the three regions were determined and nitrogen solid solution strengthening was quantified 

for the weld metal.  The nitrogen contents found from the weld metal matched well with predicted 

microstructures found using light optical microscopy.  .  Microstructural features including grain size 

measurements, grain orientation, and grain boundary character are measured using Electron BackScatter 

Diffraction (EBSD).  Finally, the nitrogen solid solution strengthening and the EBSD grain boundary 

characterization are used in a model developed by Hansen6 to predict the yield strength of the weld metal. 
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CHAPTER 2:  BACKGROUND 

This chapter discusses alloying effects, welding, and mechanical properties of high nitrogen 

stainless steels—specifically Nitronic 40 stainless steel.  Alloying of high nitrogen austenitic stainless 

steel (HNASS) is discussed, followed by a brief discussion of welding related issues including alloying 

element vaporization.  Additionally, a summary of mechanical testing of welds and strengthening 

mechanisms known to occur in HNASS are presented.  The chapter concludes with a brief discussion of 

some techniques that can be used for characterization of the welded microstructure.  All aspects addressed 

are offered to provide a basis for the experimental procedures described in this thesis.  

2.1 High Nitrogen Austenitic Stainless Steels 

High nitrogen austenitic stainless steels are steels that combine high strength, ductility7–10 with 

corrosion resistance11,12 particularly for use in the aerospace and cryogenic industries.  These alloys 

consist of an iron matrix with substitutional elements such as: chromium, manganese, and nickel with 

interstitial elements of nitrogen and carbon.  Nitrogen is one of the most important alloying elements in 

these alloys.  The range of nitrogen in theses alloys can range from 0.1 to 1 wt. pct. or more.  While some 

HNASS are strengthened by the formation of nitrides, most alloys derive their strength from alloying 

effects, which increase strength by interacting with dislocations.  Furthermore, the increases in strength 

due to alloying increase in strength at lower temperatures.  At low temperatures austenite can decompose 

into of martensite or epsilon phase13 resulting in athermal strengthening which increases at lower 

temperatures as shown in Figure 2.1 for the Nitronic 40 HNASS.  A small degree of strengthening is 

observed due to the small short range ordering that occurs due to the preference of nickel atoms locating 

next to iron atoms; a greater degree of strengthening occurs due to the ordering interactions of nitrogen 

and chromium in austenite. 

Austenite, being a face center cubic phase, has a greater ductility compared to ferrite due to an 

increased number of slip planes available.  A generalized model for HNASS strength was developed by 

Irvine14 using a linear regression of the mechanical properties data from many high nitrogen austenitic 

stainless steels.  In the model yield strength and ultimate tensile strength of austenitic stainless steels (in 

MPa) are predicted from the alloying components (in wt. pct.) of solid solution elements and 

microstructural features, like grain size and ferrite content, which are listed as Equations 2.1 and 2.2.  The 

model only accounts for solute strengthening ferrite content and grain size or twin densities. 
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Figure 2.1 Effect of temperature on yield strength and ultimate tensile strength for Nitronic 40 

stainless steel. Replotted from Lienert15. 

 

   σ!".! = 63.5 + 496N + 356.5C + 20.1Si + 3.7Cr + 14.6Mo + 18.6V + 4.5W + 40.3Nb
+ 26.3Ti + 12.7Al + 2.5δ + 7.1d!!/!  

2.1  

 

   σ!"# = 449.5 + 852.5N + 542.5C + 37.2i − 1.5Ni + 18.6Mo + 77.5Nb + 46.5Ti
+ 18.6Al + 2.2δ + 7.1t!!/!   2.2  

In Equations 2.1 & 2.2, δ is the δ-ferrite content in volume percent, d is the grain size in mm, and 

t is the number of twins per mm2.  According to Equations 2.1 and 2.2, the effectiveness of nitrogen for 

increasing yield strength is about 40% greater than carbon, and about 57% greater than carbon16 for 

ultimate tensile strength. 

2.1.1 Nitronic 40 Stainless Steel 

Nitronic 40 stainless steel is a high nitrogen austenitic stainless steel, commonly called type     

21-6-9 alloy, referring to the alloying element contents of chromium, nickel, and manganese, respectively.  

According to Equation 2.1, chromium adds 77 MPa to the yield strength of the steel while nickel and 

manganese do not play a large role in strengthening the material directly.  Together, all three elements 

provide a synergetic relationship with nitrogen to provide the high strength and corrosion resistance for 

which Nitronic 40 alloy is known. 

Chromium, a ferrite stabilizer, is required for the formation of the passive oxide layer, which 

leads to increased corrosion resistance.  Additionally, chromium increases strength in high nitrogen 

austenitic stainless steels, not by traditional solid solution strengthening, but by forming interstitial-

substitutional complexes (i-s complexes) within the austenite matrix that hinder dislocation movement16.  

Nickel is an austenite-stabilizing element, though its use is minimized due to its high associated cost.  The 

manganese, not solely a ferrite or austenite stabilizer, is added to increase the nitrogen solubility within 
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the material17,18.  Manganese indirectly strengthens HNASS by increasing nitrogen solubility in 

austenite19, which is known to be a potent solid solution strengthening element, superior to even 

carbon17,18,20–22.  Additionally, the increase in nitrogen solubility allows for more nitrogen to further 

stabilize austenite down to room temperature. 

The synergistic relationship between chromium, nickel, manganese and nitrogen can be explained 

through the plots in Figure 2.2 and Figure 2.3.  Chromium, nickel and manganese increase the solubility 

of one another in austenite, which in turn increases the nitrogen solubility as well.  The effects of the 

predominant alloying elements on austenite stability can be seen in Figure 2.2, where the composition for 

Nitronic 40 is indicated with the stars.  The effect of nickel expanding the gamma loop is well 

understood, and can be seen in Figure 2.2 (a).  Increasing nickel concentration increases the chromium 

solubility in austenite, as well as reduces the transformation temperature to ferrite23.  Manganese has a 

similar effect as it increases both the nitrogen and chromium solubilities as shown in Figure 2.2 (b) and 

(c)24.  Additionally, as the chromium content increases, the total nitrogen solubility increases as well.  In 

Figure 2.2 (d), the combined effect for manganese, chromium, and nitrogen can be seen for the austenitic 

phase field in a Fe-Cr-Mn system at 700°C, where increasing nitrogen content is shown to shift the 

austenite-ferrite boundary to higher chromium contents.  In Figure 2.2 (d), the chromium nitride (the HCP 

phase) and sigma phases are stabile at common Nitronic 40 compositions at 700°C.   These phases were 

not found in the alloys in this research.  These diagrams are more thoroughly described in the review done 

by Lienert15. 

Typical mechanical properties for annealed Nitronic 40 stainless steel at room temperature is 

shown in Table 2.1.  Many research groups13,21,26–36 have reported room temperature properties of these 

materials. 

 

Table 2.1 – Representative typical and minimum room temperature properties for Nitronic 40 stainless 
steel from Armco Plate and Armco Bar. 

Product   Yield  Strength  
(MPa)  

Ultimate  Tensile  
Strength  (MPa)  

Total  Elongation  
(%)  

   Minimum   Typical   Minimum   Typical   Minimum   Typical  
Plate   414   469   690   772   40   44  
Bar   345   416   620   682   40   47  

 

 

Nitrogen strengthening in HNASS has been attributed to two different mechanisms: solid solution 

strengthening and grain boundary strengthening.  These effects are well known, which has led to many 

studies specifically on high nitrogen austenitic stainless steels, where the nitrogen contents range from 0.2 

wt. pct. up to 3 or more wt. pct.. 
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Figure 2.2 (Top Left) The effect of nickel on expanding the austenite stability range (γ-loop).  As the 

nickel increases, the chromium solubility in austenite increases as well. Plot from 
Kunze23.  (Top Right) Calculated isothermal sections at 1200°C and experimental results 
in the Fe-Mn-Cr-N system, where the expanding chromium solubility in austenite can be 
seen with increasing nitrogen content15. (Bottom Left) Plot of experimental and 
calculated solubilities of nitrogen in Fe-Mn liquid at 1600°C illustrating that with 
increasing chromium and manganese alloying in stainless steels, the nitrogen solubility 
increases24. (Bottom Right) Calculated isothermal sections at 700°C for an Fe-Mn-Cr 
alloy (solid) and a Fe-Mn-Cr-0.4 wt. pct. N alloy (dashed) illustrating the large 
differences nitrogen can have on the solidification structure. Plots from Lienert15. 
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Figure 2.3 The effect of increasing nitrogen and carbon in the iron chromium system.  As the 

combined nitrogen and carbon contents increase (from 1-6), the austenite stability range 
expands to higher chromium contents.  Plot from Baerlecken25. 

2.2 Welding of High Nitrogen Austenitic Stainless Steels 

Nitronic 40 alloy is well known to be weldable, non-magnetic, and to have high strength at 

cryogenic temperatures.  Many studies have been done on the weldability of these steels, specifically 

related to solidification cracking12,37–42. 

The studies on the weldability of nitrogen austenitic stainless steels suggest two requirements for 

preventing hot cracking in high energy density welding: (1) limiting combined sulfur and phosphorus 

levels to below 0.02 wt. pct. and (2) the weld metal contains 5-15 vol. pct. retained ferrite for arc welding 

and 3-5 vol. pct. for high energy density welding15.  The total amount of ferrite in the weld metal and the 

overall microstructure of the weld depend on the composition of the weld metal, the solidification rate, 

and the cooling rate.  Many weldability diagrams have been developed for the welding of steels to predict 

the solidification structure13,37,40,41,43,44.  For further reading on solidification cracking readers are advised 

to consult work by Lippold45, and Kou46, and Lancaster47. 

Espy13 specifically studied the crack susceptibility for high nitrogen stainless steels.  The crack 

susceptibility is predicted from a ratio of ferrite stabilizing elements and austenitic stabilizing elements 

that are linked to the specific solidification mode that would take place.  By selecting a solidification 

mode starting with delta ferrite, one can prevent hot cracking from occurring.  To prevent solidification 

cracking, a small amount of ferrite (3-5 vol. pct.) in the weld metal is advised.  For cryogenic applications 

, however, the presence of ferrite may cause a problem, as ferrite has very low toughness at low 

temperatures compared to austenite.  This problem is intensified in high energy density welding where an 

increased cooling rate has been shown to promote austenitic solidification. 

Arc welding of Nitronic 40 stainless steel has reported an issue with solidification cracking in 

some heats where the compositions were not well maintained—predominantly issues with sulfur and 

phosphorus contents.  Cracking occurs during solidification where the formation of a liquid phase 

between adjacent grains is pulled apart by solidification stresses on the grains.  This relationship between 

solidification cracking and sulfur has been studied by Brooks48,49 and Arata50 that sulfur and phosphorus 
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decrease the liquidus temperature of ferrite, embrittling the grain boundaries, leading to poor weld 

quality.  

Another metallurgical issue, specifically for most high nitrogen austenitic stainless steels, is 

alloying element vaporization.  The vaporization of an element during welding is dependent on vapor 

pressure of the alloying element.  Figure 2.4 shows the vapor pressures for a variety of elements.  The 

higher vapor pressure of an alloying element, the easier it is for that element to vaporize.  In the case of 

arc welding of Nitronic 40 stainless steel, according to Figure 2.4 the manganese will be expected to 

vaporize well before iron.  While nitrogen, not shown in Figure 2.4, is a light element with a very high 

vapor pressure as well51 and nitrogen losses are known to occur on the order of 20-30% during arc 

welding, which can have dramatic effects on strength as well as the solidification structure of the weld 

material52,53,2. 

  
Figure 2.4 Vapor pressures of selected elements as a function of temperature. Plot from Kou46. 

 

Additionally, it has been noted that with an increase in cooling rate the total ferrite content in the 

weldments decreases4,45, which is important in high energy density welding to prevent solidification 

cracking as well.  It is suggested to use the Espy13 or Suutala40 diagram to determine the compositions that 

can prevent hot cracking from occurring.  Further discussion on this topic is well described in the 

publications of Kou46 and Lippold54. 

2.2.1 Microstructures of Welded Austenitic Stainless Steels 

The solidification structure of an austenitic stainless steel weldment depends on the temperature 

gradient, growth rate, and chemical composition.  Both the temperature gradient (G) and the growth rate 
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(R) are dependent on the travel speed and the heat input used during welding.  Thus using the diagram in 

Figure 2.5, one can relate the microstructure of a material to the G/R ratio during processing or vice-

versa.  An example of a weld pool with varying solidification structures is illustrated in Figure 2.6.  In 

Figure 2.6.the weld pool shape is shown to be tear drop shaped with a rounded weld pool shape on the 

leading edge and a narrow edge on the trailing edge.  The weld pool is surrounded by a solidification front 

of solid metal at the liquid us temperature, but can contain solid phase nuclei that form due to 

undercooling in the weld pool.  The metal in the solidification front will grow epitaxially in the <100>  

direction of the surrounding base material as shown in Figure 2.6b.  However, the morphology of the 

growth after an initial epitaxial growth from the base metal can change to cellular or columnar dendritic 

depending on the G/R ratio.  In the weld pool, nuclei that have formed have a low temperature gradient 

and a high growth rate, which encourages equiaxed dendritic growth as shown in in Figure 2.6b. 

Increasing cooling rate has been shown to increase the undercooling that occurs during 

solidification, resulting in a finer solidified dendritic or cellular microstructure.  The highest growth rate 

occurs in the trailing edge of the weldment, as such heterogeneous nucleation of equiaxed dendrites can 

form, as shown in Figure 2.6a.  Along the weld pool edge, the solidification structure follows planar 

growth due to the lower energy for epitaxial growth, followed by cellular and columnar dendritic as the 

undercooling increases towards the center of the weld.  This sequence of solidification structure assumes 

that the correct thermal and compositional gradients exist during solidification.  Larger undercooling 

increases the nucleation sites of solid phase formed that in turn refine the microstructure as competitive 

growth is encouraged. 

  
Figure 2.5 Effect of temperature gradients and growth rate on solidification structure.  Figure from 

Kou46. 
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a.) b.)   

Figure 2.6 (a) Schematic of heterogeneous nucleation of equiaxed grains in the center portion of 
trailing liquid of a weldment. (b) Illustration of potential solidification structures 
occurring at the weld pool edge common in weldments.  Figures from Kou46. 

 

During keyhole mode high energy density welding, a mode of welding where plasma exists in the 

center of the weld pool rather than liquid metal, similar behavior in the liquid metal occurs to that found 

in Figure 2.6.  Along the weld pool edge metals solidify in the <100> direction in a planar manner that 

quickly changes to a planar or columnar dendritic mode—however weld pool shape creates some 

variations compared to traditional welding.  The weld pool has a much larger amount of liquid weld metal 

at the top of the weld compared to the root of the weld, as such; the thermal gradients in the top of the 

weld are less than those experienced in the middle and root of the weld.  This can cause some dendritic 

growth in in the top of the weld and planar solidification in the root of the weld. 

The cooling rate can be related to the secondary dendrite arm spacing via Equation 2.3: 

d = at!
! − b(ε)!!   2.3  

where d is the secondary dendrite arm spacing, t is the time for solidification, ε is the 

solidification rate, n is related to the system chosen (typically between 0.2 and 0.5 for most metals), and a 

and b are proportionality constants.  Another method for a rough estimate of cooling rate used by 

Katayama and Matsunawa55, Elmer, et. al.4, and Hochanadel, et. al.56 is presented in Equation 2.4: 

λ! = 80(ε)!!.!!   2.4  
where λ1 is the cell spacing (in microns) and ε is the cooling rate (in K/s).  

 

The chemical composition of the welds also play a large role in the solidification mode, which 

can be illustrated for stainless steels in Figure 2.7a.  A pseudobinary phase diagram can illustrate how 

increasing nickel or chromium content can favor primary austenitic or ferritic solidification.  However, in 

essence, more ferrite stabilizing elements in the weld pool causes ferrite to solidify first, while more 

austenitic stabilizing elements in the weld pool will result in an austenite phase forming first.  Upon 

further solidification other solid state transformations can occur leading to a more varied microstructure. 
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Four main modes of solidification can occur in HNASS.  As the chromium-to-nickel ratio 

increases the solidification progresses through: fully austenitic solidification (A), austenite-to-ferrite 

solidification (AF), ferrite-to-austenite solidification (FA), and a fully ferrite transition (F).  The fully 

austenitic and ferritic solidification modes can produce different microstructures depending on the 

chemical composition gradients in the solidified structure which are not discussed here, but are explained 

in the work by Lippold45.  The ferrite-to-austenite and austenite-to-ferrite solidification structures vary as 

different solid-state transformations can occur upon cooling.    

At high nitrogen contents, which favor austenitic solidification, primary austenite solidifies which 

rejects chromium into the liquid phase eventually leading to the formation of interdendritic ferrite that is 

stable to room temperature due to the increased chromium content in the liquid ahead of the solidification 

front.   At high Creq/Nieq ratios contents, primary ferrite will form, with the last remaining liquid 

undergoing a peritectic reaction forming austenite as explained by Lippold45.  Upon further cooling into 

the delta + austenite region, the remaining austenite will grow into the ferrite via a diffusion-controlled 

reaction9,10,57,58.  The morphology then changes, depending on the ability of elements to diffuse across the 

ferrite-austenite boundary.  The effect of increasing or decreasing cooling rate during solidification can be 

seen in Figure 2.7b, where a variety of microstructures are listed depending on the electron beam travel 

speed, which is proportional to the cooling rate experienced in the weld metal. 

  
Figure 2.7 (left) Illustration of primary austenitic and primary dendritic solidification and a 

pseudobinary phase diagram for Fe-Ni-Cr alloys. Figure via Kou46..(Right) Solidification 
diagram for changes in solidification structure for electron beam welds in stainless steels 
done at varying travel speeds. Plot from Elmer.4 



 12 

The two predominant microstructures expected to be seen in laser and electron beam welds of 

Nitronic 40 alloy in this study are lacy ferrite and vermicular ferrite.  Both these cases are products of 

primary ferrite solidification and are shown in Figure 2.8 for arc welding and in Figure 2.9 for electron 

beam welds.   When comparing the electron beam welds to the arc welds, the reduction in the prior ferrite 

dendrite size can be seen in both cases with the reduced austenite matrix grain size for the lacy ferrite and 

the reduced interdendritic spacing in the vermicular ferrite. 

Vermicular ferrite is the most common morphology found in arc welds of stainless steels 

containing duplex structures.  In multi-pass welds by David10, it was found that they have a ferrite number 

between 5 and 15.  Depending on the orientation according to which a sample is extracted, either an 

aligned network or a curved soft form can be seen, which from metallographic examination have ferrite 

numbers of 12 and 9, respectively.  Micrographs for both vermicular and lacy ferrite are shown in Figure 

2.8 for arc welds and in Figure 2.9 for laser welds.  Dendrites are aligned with the heat flow direction, 

which is also the dendrite growth direction.  This morphology occurs due to the formation of primary 

ferrite dendrites from the weld liquid that undergo an incomplete solid state transformation to austenite 

upon cooling.  The austenite begins to form interdendritic regions and grows towards the center and does 

not always completely transform, leaving the primary ferrite spine (core) and some secondary dendrites 

cores.  Furthermore upon heat treatment of this phase, it was found by Kokawa59 that the vermicular 

ferrite will typically become more rounded during heat treating of the weldment which is related to the 

orientation relationship between the ferrite and the austenite being off of the Kudjumov-Sachs 

relationship. 

  
Figure 2.8 Orthogonal microstructural views extracted from multi-pass welds of 308 stainless steel 

of (a) vermicular and (b) lacy ferrite structures found to occur in stainless steel welds 
with a primary ferrite solidification structure, images from 10. 
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The lacy morphology is characterized by long columns of a refined interlaced austenite and ferrite 

oriented along the growth direction/heat flow direction in an austenite matrix.  Depending on the 

orientation, the ferrite numbers of the welds have been shown to vary between 13 or 15, as illustrated in 

Figure 2.8.  It is thought that the origin of lacy ferrite is likely due of the transformation of primary delta 

ferrite cells to Widmanstätten austenite and ferrite10.  It has been found that lacy ferrite has the Kurdjmov-

Sachs relationship, and upon heat treatment, the ferrite grains tend to become more narrow and 

rectangular due to the low energy at the interface between the austenite and ferrite 59. 

  

     
Figure 2.9 Microstructural views extracted from electron beam welded Nitronic 40 stainless steel of 

(a) vermicular and (b) lacy ferrite structures found to occur in stainless steel laser welds. 

 

2.2.2 Solidification Boundaries and Solidification Subgrain Boundaries 

Solidification subgrains boundaries (SSGB’s) are known to occur within austenitic weld 

microstructures 58,60–63.  These subgrain microstructures typically occur as dendrites or cells within an 

austenite grain and are characterized by their low angle grain boundaries (less than 5° misorientation) 

within one larger packet of austenite.  They share a similar growth direction preferred in solidification of 

FCC metals along the <100> directions.  These grain boundaries are dislocation structures, though the 
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dislocation densities in these subgrains are typically low due to few geometrically-necessary dislocations 
64.  The difference between these subgrains can be seen in Figure 2.10.  

  
Figure 2.10 310 stainless steel showing solidification subgrain boundaries (SSGB) and solidification 

grain boundaries (SGBs)63  304L GTA weld metal exhibiting SSGB. Images from 
Sowards 62. 

 

Solidification grain boundaries occur due to the intersection of packets or groups of subgrains 

resulting in large high angle grain boundaries.  These solidification boundaries consist of large dislocation 

networks and compositional gradients formed during solidification.  These locations are typically where 

solidification cracking occurs.  The strengthening of subgrain boundaries has not been investigated for 

Nitronic 40 stainless steels. 

2.2.3 Alloying Element Vaporization in Arc and High Energy Density Welding 

Due to the high temperatures experienced by the weld pool the loss of some alloying elements 

can occur during welding.  Evaporation-induced loss of both manganese and nitrogen have been reported 

for arc welding2,65, laser welding35,2,66–70, and electron beam welding49,71 of high nitrogen austenitic 

stainless steels.  Sieverts’ Law can typically model the solubility of nitrogen in a liquid, like liquid iron: 

N!" = K P!!    2.5  

where the solubility of an element is inversely related to the partial pressure of nitrogen, PN2, and 

the equilibrium reaction coefficient, K, for the dissolution reaction in Equation 2.6, where M designates a 

metal and  s represents a condensed phase. 
1
2
N!(g) = N(M, s)   2.6  

Though in the presence of a plasma, like that of welding, Katz and King72 found that the 

concentration of nitrogen in the weldments was significantly higher than that predicted by Sieverts’ Law.  

Bandophdhyay et al.73 found that in the presence of a plasma there are large temperature gradients for 

which Sieverts’ Law does not apply. The activity in the plasma was found to be ten times greater than that 
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of the source gas used to create the plasma, and a new activity was found to be related to the 

concentration of dissociated nitrogen in the plasma over the same reaction coefficient for Equation 2.6 

squared. 

a!! !
= (wt. pct.N  )!/K

!   2.7  
The reaction equation does not assume any difference in ionization or any other reactions 

occurring in the plasma and in the weld, but provides a fit for nitrogen activity in tantalum and niobium.  

It has been shown by Kokawa74 that the dissolution of monatomic nitrogen is the most active species in 

absorption and desorption during welding.  Furthermore, for the desorption reaction, the activity is still 

related to the nitrogen content within the plasma; as such, the addition of nitrogen shielding gas to arc 

welding75,76 , laser beam welding and electron beam welding has shown an increase in the nitrogen 

content within the metal greater than that predicted by Sieverts’ Law. 

  Figure 2.11 illustrates two main points: the first being that the amount of absorption that occurs 

in arc welding is greater than that of laser welding, and second in laser welding the absorption is 

dependent on the method, CO2 or YAG, used for welding.  In the case of arc welding, there is an 

increased time for absorption of nitrogen in the top portion of the weld pool compared to laser welding 

leading to a higher amount of nitrogen in the weld metal.  In the case of laser beam welding, differences 

in the wavelength of the laser lead to different plasma temperatures.  With CO2 laser welding a 

wavelength of 10.6 µm interacts more with vaporizing material leading to an increased temperature 

compared to the YAG or Fiber lasers with a wavelength of 1.06 µm.  If the plasma temperature is not 

high enough for nitrogen dissociation to occur, there will be less monatomic nitrogen for absorption to 

occur between the plasma and the weld metal. 

The work by Dong et. al.77 confirmed the existence of monatomic nitrogen in the plasma in 

keyhole mode laser beam welds with a monochromatic image of a specific spectrum line emitted by 

monatomic nitrogen, and the nitrogen losses during laser welding are less than that of the arc welding.  

Moreover, it was found that the total amount of monatomic nitrogen content in the plasma formed by 

YAG laser welding to CO2 laser welding was lower due to a decreased plasma temperature.  The nitrogen 

contents at the top of the weld were found to be higher than that of the bottom of the weld due to more 

absorption occurring at the surface of the weld69 while the high pressure in the keyhole prevents nitrogen 

vaporization from occurring in the root of the weld.  Furthermore, when welding in a reduced 

environment, the nitrogen contents of the CO2 and YAG laser welds approached the same value.  

Indicating that the plasma does play a role in nitrogen absorption.  The equivocation of nitrogen content 

in the welds occurs due to the difficulty for diatomic nitrogen to dissociate into monatomic nitrogen in 

depressurized environments, especially in vacuum77. Additionally, it was found that nitrogen losses in 

laser welds tapered off at travel speeds greater than 200 mm/s. 
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Furthermore, it has been shown that the addition of oxygen to shielding gas in Gas Metal Arc 

Welding (GMAW) also increases the absorption of nitrogen47, and that nitrogen-induced porosity could 

be reduced with oxygen as well78.   It was suggested by Du Toit52 that the increased nitrogen content in 

the weld metal was not caused by increased convergent Marangoni flow of the weld or increased surface 

coverage of the weld pool; furthermore, the oxygen did not dissolve into the weld metal.  Instead the 

increased nitrogen was attributed to the formation of a slag on the periphery of the weld pool, which 

prevents nitrogen adsorption, but does not prevent nitrogen absorption near the arc plasma and the liquid 

metal. 

 

  
Figure 2.11 A comparison between Sieverts’ Law for predicting nitrogen in the weld metal in pure 

iron. Illustrating differences between GMAW, YAG, and CO2 nitrogen absorption which 
occurs due to differences in plasma temperatures. Replotted from Kokawa74. 

Kokawa presents a different story for high nitrogen stainless steels compared to other steels as 

shown in Figure 2.12a and b.  In Figure 2.12a, a low nitrogen steel is welded in varying nitrogen 

atmospheres, nitrogen absorption is occuring increasing the nitrogen content in the top of the weld 

compared to the root where no absorption is occuring.  In Figure 2.12b, when welding a high nitrogen 

stainless steel, the nitrogen losses in the top portion of the weld were greater than that of the bottom of the 

weld.  It was stipulated that the high partial pressures within the keyhole prevented vaporization from 
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occuring in the root, while nitrogen vaporized from the top portion of the weld with vary little absorption 

occurring to offset the vaporization. 

  
Figure 2.12 Differences in nitrogen loss during laser welding from the top and bottom of Fe20Cr-

10Ni steel (left) Compared to 329EJ1 high nitrogen stainless (middle (right) Locations 
where specimens for nitrogen contents were assessed from.). Plots from Kokawa74. 

 

Figure 2.13 shows an example of the manganese loss in laser welds in some standard stainless 

steels.  Manganese has a high vapor pressure, and as such, will vaporize at temperatures much lower than 

that of the other metallic alloying elements in austenitic stainless steels.  The loss of manganese reduces 

the solubility of nitrogen within the austenite, which can lead to a reduction of strength, corrosion 

resistance, and affect the solidification mode of the weldment. 

  
Figure 2.13 Manganese loss in laser welds made on AISI 202 and 201 stainless steels. Plot from 

DebRoy.79 

Maximum reported losses of manganese and nitrogen vaporization for a number of researchers 

are reported in Table 2.2.  Researchers have observed vaporization of manganese of approximately 10-

15% 80 and losses on the order of 20-50% nitrogen51,68,77,81,82 during GMAW and laser welding. The 

vaporization of manganese poses two problems: one about weld quality and another potentially for weld 

strength.  In electron beam welding, the vaporization process disrupts the weld surface via bubble 

formation potentially causing keyhole collapse and thus weld porosity49.  Manganese loss can also reduce 

nitrogen solubility, causing nitrogen degassing during welding, which also leads to weld porosity.  
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For gas metal arc welding of HNASS, Bennett et. al. 65 found that approximately 9-33% of the 

base metal nitrogen is lost in high manganese, high nitrogen stainless steels.  Furthermore, the weld 

quality was found to be strongly related to the nitrogen level, which was advised to be limited to 0.30 wt. 

pct.  In a study by Philhagen35 on Tungsten Inert Gas Welding (TIG) welding of 4.78mm thick plate 

Nitronic 40 alloy, it was found that there was a loss of 25.8% nitrogen.  For a similar alloy, Tian et. al. 2 

found that  approximately 20% nitrogen loss occurred without any nitrogen in the shielding gas.  For 

GMAW, as nitrogen was added to the shielding gas up to 5 wt. % porosity in the weld metal was 

prevented. Additionally, at above 2 wt. pct. addition to the shielding gas, the weld metal nitrogen loss was 

found to be zero; above 2 wt. pct. nitrogen additions to the shielding gas, the nitrogen content was above 

that of the base metal though the shielding gas, flow rates, nozzle angles, and location relative to the weld 

were not well described. 

Brooks did some of the earlier work on electron beam welding of Nitronic 40 stainless steels and 

other high nitrogen strengthened alloyed stainless steels49,83.  Weld quality was found to be linked to 

nitrogen content and weld parameters.  Thin welds, less than 1 mm, had unacceptable weld appearances 

in all cases and nitrogen and manganese vaporization was found to occur in the range of 10-15%.  

Furthermore, ferrite contents determined using the Hull12 and DeLong41 diagrams were found to be less 

than the experimental values, potentially due to nitrogen vaporization. Another vaporization study by 

Kennedy71 on Nitronic 33 stainless steel found approximately 10% nitrogen loss occurring in the weld 

metal. 

Iambolev et. al.66 has shown 22-33% nitrogen losses in CO2 laser welds of 18Cr-0.6N-12Mn 

steel.  With the introduction of nitrogen shielding gas, approximately 12-23% loss was found to occur at 

the same welding parameters. 

In a study by Khan and colleagues67 in laser welding of AISI 201 and 202 HNASS, 2.5 mm plates 

were welded at varying powers and travel speeds, with constant shielding gas flow rates of 0.5 L/s. The 

manganese losses were found to decrease with an increase in travel speed where losses of 50% occurred 

at 2 mm/s and 13% occurred at 35 mm/s.  The vaporization rate of nitrogen was found to be relatively 

independent of the gas flow rate.  There was a slight increase as the gas flow rate increased, potentially 

removing the high pressure vapor above the keyhole.  It was found that losses of manganese occur at 

greater amounts in conduction mode laser welding at lower laser powers (400-600 W), though not in 

keyhole mode at higher (1 kW+) powers at the same travel speeds.  The weld pool surface area had the 

largest effect on nitrogen vaporization.  At sub-kilowatt laser powers, it was found that a duplex (δ+γ) 

microstructure occurred at higher travel speeds (35 mm/s); while at higher powers it was found that the 

duplex structure occurred at both high (35 mm/s) and low travel speeds (2.2 mm/s).  Collur 68 found 10-
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20% nitrogen losses in AISI 201 and 202 for the travel speeds of 10-40 mm/s.  Furthermore, in studies by 

Nishimoto70 on nitrogen alloyed 304 stainless steels, 8% nitrogen losses were found to occur at 25 mm/s. 

Table 2.2 – Brief summary of some reported values for nitrogen and manganese loss during welding of 
HNASS. 

Welding  
Process*  

N  Loss  
(%)  

Mn  Loss  
(%)  

Welded  Material,  Comments,  
Compositions   Source  

GMAWAr   9-‐33   -‐   Material:  High  Mn  Stainless  steels,  
Base  N:  0.22-‐0.40   Bennet,  1974  65  

EBW   10-‐15   10-‐15  
Material:  High  Mn  stainless  steels  

Base  N:  0.12-‐.54  wt.  pct.    
Base  Mn  content  7-‐10  wt.  pct.  

Brooks,  197549  

EBW   10   -‐  

Weld  depth:  18  mm  
Material:  Nitronic  33  

Base  N  content:  .33  wt.  pct.  
Base    Mn  content:  12  wt.  pct.  

Kennedy,  198071  

LBW   -‐   -‐  
Weld  depth:  1  mm    

N  content  0.32  wt.  pct.  
Reported  Aust-‐F  solidification.  

Philhagen,  200435  

TIG  Ar   25.8a   -‐  
Weld  Depth:  4.78  mm    

Base  N  content:  0.31  wt.  pct.    
5.5%  delta  ferrite.  

Philhagen,  200435  

LBW  CO2Ar  
LBW  CO2N  

22-‐30  
12-‐23   -‐   Weld  depths:  2  and  6  mm  

Material:  18Cr-‐.6N12Mn,   Iamboliev,  199966  

LBW  CO2Ar   27   50   Travel  speed:  2  mm/s,    
Materials:  AISI  201/202   Khan,  198867  

LBW  CO2Ar   27   13   Travel  speed:  35  mm/s,  
Materials:  AISI  201/202   Khan,  198867  

LBW  CO2He   -‐   30  
Travel  speed:  3.5  mm/s      
Materials:  AISI  201/202   Collur,  1987  68  

LBW  CO2  Air   10-‐20   -‐   Travel  speed:  10  mm/s-‐40  mm/s   Dong,  200384  
GTAW  Ar+N  
CO2LBW  Ar+N  

20  
2-‐5     

Material:  High  Nitrogen  Steel  
Carbides  formed  in  HAZ.   Tian,  20102  

LBW  CO2Ar  
7.7  

max  in  
center  

  

Materials:  304  SS  
Base  N  content:  0.0943  wt.  pct.  
Weld  depth:  2  mm-‐5  mm  
Weld  power:  1.6k  W  
Travel  Speed:  25  mm/s  

Nishimoto,  200470  

*Shielding Gas used indicated in superscript 

2.3 Strengthening Mechanisms  

A general discussion of the theories related to the strengthening mechanisms applicable to the 

project are discussed, including solid solution strengthening, grain size strengthening and the Peierls 

Nabarro strengthening.  For more information on these strengthening mechanisms, the reader is 

recommended to consult the references listed in the next few sections. 
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2.3.1 General Concepts  

For the discussion of the strengthening mechanisms in metals, the concept of dislocations, also 

known as line defects, are fundamental.  It is vital to understand the behavior of dislocations and their 

interactions with different types of defects.  These types of defects would include interstitial elements, 

other dislocations, and grain boundaries, to name a few.  The strengthening mechanisms in a material can 

be stated as the change in a material’s microstructure resulting in a change in material properties due to an 

applied load.  The most common way to observe the mechanical response is a uniaxial tensile test, which 

is the test used in this study, so the discussion will be limited to the strengthening that occurs during a 

tensile test. 

The concept of a flow stress, or the stress required to cause plastic deformation to occur in a 

material, provides a method for elucidating the strengthening mechanisms within a material.  These 

strengthening mechanisms typically are obstacles in the way of a dislocation that require some type of 

mechanical stress or a thermal activation to overcome—sometimes both are required.  Simply stated, the 

flow stress, τf, consists of two components: a temperature and/or strain rate dependent component, τ*, and 

an athermal component, τa.  

τ! = τ! + τ∗(γ,T)   2.8  
A common model used to predict the flow stress that is commonly used and experimentally 

verified for many metals is the Taylor model: 

τ = τ! + αµμb ρ   2.9  
where, τ0 is the internal friction stress, α is a proportionality constant, µ is the elastic modulus, b 

is the Burgers vector, and ρ is the dislocation density.  As a material is deformed, the number of 

dislocations increases, and as such the stress required for plastic deformation.  This phenomena is referred 

to as work hardening or strain hardening.  The rate at which a material increases its strength is called the 

strain hardening rate.  The work on this model was started by Taylor85 and has evolved into many theories 

to explain work hardening.  The internal friction stress is typically modeled by combining a number of 

other strengthening contributions like solid solution strengthening, grain boundaries, and Peierls –Nabarro 

type barriers. 

To model the force required in overcoming these barriers, typically a force balance between the 

applied stress and the resulting line tension on a dislocation interacting with a barrier is used.  These 

forces are applied on larger scales to get macroscopic properties of materials through a scaling scheme 

which accounts for many factors that do not occur on the smaller scale. 

2.3.2 Solid Solution Strengthening  

Fleischer86 and Kocks87 both have studied solution strengthening, and provide more detail on the 

topic than is presented here.  The important concepts related to high nitrogen austenitic stainless steels 
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would be solute-dislocation interactions, internal stresses related to solute atoms, and the concentration 

dependence of these interactions.  

 Solute dislocation interactions depend on the strain in the lattice that a solute atom produces.  In 

the case where a tetragonal distortion (axisymmetric distortion) occurs, a hydrostatic stress is produced in 

the lattice that has both shear and normal components to it.  The shear components act with both edge and 

screw dislocations, while only the hydrostatic components interact with edge dislocations.  This fact 

occurs because edge dislocations have both hydrostatic stresses and shear stresses, while screw 

dislocations only posses a shear stress component.  Thus, for cubic distortions (symmetric distortion) 

where there are no shear stresses, there is little solution hardening as many of the screw dislocations do 

not provide any interaction with the hydrostatic defects during deformation.  To determine the activation 

energy for a dislocation to move past a solute, the interaction force caused by the solute atom in the lattice 

integrated over a certain distance (related to the total strain field created by the solute element in the 

matrix) is required.  In this case, larger solutes that create a strain over a larger distance in the matrix and 

asymmetric distortions require more energy to move past than smaller solutes. 

A common model to illustrate the strength of different obstacles was introduced by Orowan 

where the stress to overcome an obstacle, τ, is related to the strength of an obstacle, f, the Burgers vector, 

b, and the average spacing between obstacles, L. 

τ =
f
bL
   2.10  

Then depending on the methodology used for determining an average spacing of solute elements 

that provide the obstacle strength, the increase in flow stress due to solute elements, τ, can be found from 

the following Equation: 

τ = µμ  f!c!   2.11  
where f is the obstacle strength, c is the solute concentration, and the shear modulus is µ.  The 

exponents m and n depend on the strengthening attributed to the nature of spacing and strengthening of 

the obstacles, respectively.  Depending on the model selected, f, the obstacle strength, can range from 0.5 

to 1/3.  Typically, an Arrhenius type expression is related to the activation energy required to overcome a 

barrier.  As the temperature increases, barriers become weaker and some strength can be lost, while at 

lower temperatures there can be an increase in strength as there is less thermal energy to aid in 

overcoming the barrier. 

A basic model for interstitial elements has been described and investigated by many researchers 

including:  Mott and Nabarro88,89, Fleischer and Hibbard90, Friedel91, and Labusch 92.  In these models, a 

force balance between the line tension on a dislocation moving past an array of interstitial atoms is 

addressed.  The model proposed by Labusch is a modified form of the Mott-Nabarro theory where :  
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τ!b = A′f!
!/!  c!/!w!/!T!!/!   2.12  

where τ! is the critical shear stress, b is the Burgers vector, A’ is a numerical factor about unity, fo 

is related to the obstacle strength, c is the concentration of interstitials, w is the width of the dislocation 

core, and T is the line tension on a dislocation.    As the concentration increases, the critical shear stress 

also increases.  The width of a dislocation core can be influenced by the substitutional element in the 

lattice, as previously described.  The athermal components of solid solution strengthening will be 

discussed later.   

2.3.3 Grain Size Strengthening 

The strength of polycrystalline materials increases due to the existence of grain boundaries in a 

material.  The most common model for predicting grain size strengthening is the Hall-Petch model, which 

has been validated for many systems and is defined by: 

σ! = σ! + kd!!/!   2.13  
where σy is the yield strength, σ0 is the contribution of other strengthening mechanisms, k is the 

locking parameter, and d is the grain size.  As the grain size decreases, the strength and ductility both 

increase.  The combined increase is very attractive and is commonly used to improve the strength of 

materials.  Of the models used to describe grain size strengthening, three fundamentally different 

approaches have been developed: pile up models (also called planar dislocation arrays)93–96, dislocation 

density models (also called the work hardening theories)97 and composite models  (also called the grain 

boundary sources theories) which, is a mix of pile up and dislocation density models, which will not be 

discussed here. 

Pile up models were developed to describe the stress required to activate new dislocation sources 

in an adjacent grain.  In other words, a large number of dislocations will form on a slip plane, each adding 

more and more stress on a grain boundary, until a critical number of dislocations is reached (i.e. after a  

critical stress at the grain boundary is applied), and stress exerted on the adjacent grain is sufficiently high 

to activate dislocation sources in the latter adjacent grain.  

Dislocation density models arise from work done by Ashby where the strength from dislocations 

was differentiated into two different types: statistically stored dislocations and geometrically necessary 

dislocations.  Statistically stored dislocations are those that are inherently within the material, while 

geometrically necessary dislocations are those required for the grains in the material to accommodate 

strain at grain or phase boundaries.  For example, if two grains of the same phase have a measured 

misorientation of 5° between them, and the boundary is assumed to be a pure tilt boundary, a certain 

number of geometrically necessary dislocations are required to make the grain boundaries.  The total 

number of statistically stored dislocations is independent of grain size, but the geometrically necessary 

dislocations are a function of grain size.  Furthermore, as the grains strain non-uniformly due to 
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misorientation between grains and other factors more and more geometrically necessary dislocations are 

required to prevent the formation of voids and overlaps within the material as shown in Figure 2.14. 

 

  
Figure 2.14 (a) An illustration of a polycrystalline material under tension; (b) The formation of voids 

and grain overlap that would occur if there were not constraint from neighboring grains to 
accommodate the strain; (c) A diagram illustrating how the formation of dislocations can 
accommodate grain overlap and deformation; (d) A diagram illustrating how 
geometrically necessary dislocations form at grain boundaries during deformation. Image 
from 87. 

2.3.4 Dislocation Strengthening and Taylor Factors 

The flow stress is typically written as:  

σ = σ! + αMµμb ρ   2.14  
where σ is the yield stress, σ0 is the contribution from other strengthening mechanisms which are 

assumed to be strain independent, M is the Taylor Factor, µ is the shear modulus, ρ is the dislocation 

density, and α is a constant.   As a material is strained, the dislocation density increases which causes a 

rise in the flow stress.  There are a variety of methods to determine how the dislocation density is related 

to the strain that can be used to model the flow stress behavior; for more details see references by Hirth98 

and Honeycombe98. 

The Taylor Factor is used as a method for predicting the stress-strain behavior of 

aggregate/polycrystalline materials from that of single crystal data.  The critical resolved shear stress for a 
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single crystal is determined based on the orientation of the crystal’s slip plane and direction relative to the 

applied force on the crystal, as shown in Figure 2.15.  The shear stress on the slip plane (τ) is related to 

the applied stress on the crystal (σapp) by an orientation factor related to the angles between the slip plane 

normal, the slip direction and the tensile axis, as stated in Equation 2.15.   

τ = σ!"" sinφ cos λ   2.15  
One can then predict the applied stress on the slip plane via Equation 2.16 where the inverse of 

the geometric factor (m), known as the Schmidt Factor, can be used.   

σ!   = τ  m   2.16  
Slip will occur on the plane and direction with the highest critically applied shear stress that is 

then dependent only on the Schmidt Factor.  For aggregate systems where the stress to cause slip is 

consistent between grains, an average Schmidt Factor can be determined, which is typically referred to as 

a Taylor Factor (M), as represented in Equation 2.17.  For a randomly oriented FCC crystal, Taylor found 

the Taylor Factor was 3.06.  For textured materials, it is advised to determine the yield stress based on the 

average Taylor Factor determined for that aggregate crystal structure100.  Further discussion can be found 

in Honeycombe 99. 

σ!   = τ!M   2.17  
 

 

  
Figure 2.15 Cartoon explaining Schmidt Factor in calculation for a specimen in uniaxial tension. 
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2.3.5 Superposition in Strengthening 

The effects of strengthening are complex, though through the most simplistic model, a linear 

superposition of strengthening87 effects can be illustrated as the sum of all contributions, for example: 

τ = τ! + τ!…+ τ!   2.18  
This effect can only work when the length scales of the strengthening mechanisms differ. For 

example, comparing Peierls-Nabarro strengthening, which is on the atomistic scale and grain boundary 

strengthening which is more on the nanometer or micrometer level.  Another method described by Kocks 

et. al.87 is the Pythagorean superposition principle which is more applicable when the strengthening 

mechanisms are on the same order of magnitude, but with different densities where: 

τ = τ!! + τ!!…+ τ!! !/!   2.19  
The final model discussed here is for the opposite of the case described above101 where the 

densities are the same but the strengths are different.  For example, solute strengthening above and below 

a dislocation line where the different solute elements will distribute to each region to reduce the overall 

strain in the lattice, which was proposed by Labusch101. 

τ = τ!!/! + τ!!/!
!/!   2.20  

 It must be stated that there should be interaction parameters determined between the 

mechanisms, though it is not typically done. 

2.3.6 Hansen’s Model for Strengthening of Small Scale Microstructures 

 Another model for grain boundary strengthening by Hansen utilizes a combination of 

Hall-Petch and Taylor Models to explain the strength of small-scale microstructures, as shown in 

Equation 2.21. 

σ = σ! + k! S! 2 !"#$ + αMµμ 1.5b  (θS!)!"#$   2.21  
This model assumes a material with low stacking fault energy and can predict yield strength.  The 

model requires a critical misorientation angle to distinguishes between Geometrically Necessary 

Dislocations (GNDs) and Incidental Dislocation Boundaries (IDBs), which are associated with grain 

boundaries and trapped glide dislocations, respectively6.  The GNDs and IDBs are also called High Angle 

Grain Boundaries (HAGB) and Low Angle Grain Boundaries (LAGB) in most cases. 

The Hall-Petch relationship is used for predicting GND yield strength with a similar locking 

parameter, ky, and an inverse root of half the surface area per unit volume of HAGB dislocations.   The 

Taylor Model is adapted for the glide dislocations, classified as Low Angle Grain Boundaries, to account 

for their surface volume of LAGB, the average misorientation, and the Burgers vector.  The  model 

assumes simple twist and tilt boundaries, neglecting redundant dislocations. The redundant dislocations 

have a net Burgers vector of zero, which are dominant for strengthening where forest dislocations are 

prevalent, not in materials with low stacking fault energies. 
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The critical angle for distinguishing high and low angle grain boundaries are typically identified 

at 3-15° the magnitude of the critical angle is not well defined.  The definition of the critical angle would 

require a better understanding of the differences between glide dislocations and dislocation boundaries.  

Hansen suggests using a limit of about 3° for his model, though it is unclear why.  This model can only be 

used for yield stress because as strain occurs, IDBs increase in misorientation and eventually become 

GNDs ,which can be modeled with the Hall-Petch relationship . 

2.3.7 Composite Phase Models for Strength 

The most simplistic model for the strength of mixed microstructure consisting of two phases can 

be estimated using the rule of mixtures.  This method requires the strain in each material to be equal.  For 

example, in a duplex stainless steel consisting of austenite and ferrite, the strain in the composite would 

require an assumption of constant strain in both the austenite and the ferrite (εcomposite=εaustenite =εferrite).  

From Hooke’s Law, the composite stress (σc) could then be assumed to be evenly distributed on the 

material and, the stress on each microstructure (σa for austenite, and σf for ferrite) is distributed such that: 

σ! = σ!A! + σ!A!   2.22  
where Af and Aa are the cross sectional areas of ferrite and austenite ,respectively; which 

combined are equal to the overall composite area (Av).  A brief discussion of composite strengthening can 

be found in Dieter102.  To summarize, depending on the strength of the phases present and their phase 

fractions, an increase in strength can be achieved if the stronger phase fraction exists such that the 

composite strength is greater than the larger phase fraction alone.  As an example, the phase fraction of 

ferrite in an austenite matrix would require that the UTS of the ferrite (𝜎!"#$) is greater than that of the 

austenite (𝜎!"#$), but also that the phase fraction of ferrite (f!) creates an overall strength increase 

compared to the austenite matrix, as illustrated in Equation 2.23: 

σ!"#$f!!σ!!(1 − f!) ≥ σ!"#$   2.23  
where 𝜎!! is the flow stress in the austenite matrix.   The yield strengths of each component could 

be determined based on the strengthening mechanisms applicable to each phase, such that a composite 

strength could be predicted. 

2.4 Effects of Nitrogen on Mechanical Properties and Strengthening Mechanisms 

Many researchers have investigated the mechanical properties of high nitrogen austenitic stainless 

steels, 18,20,29,31,36,103–109.  As already mentioned, there are two types of strengthening mechanisms athermal 

and thermal mechanisms.  The athermal mechanisms are related to the lattice mismatch in the lattice that 

nitrogen and nitrogen interstitial-substitutional complexes create.  The thermal strengthening mechanisms 

in FCC metals are related to the formation of point defects, vacancies or jogs, as a result of dislocation 
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interactions during deformation.  Nitrogen affects the stacking fault energy, and thus the spacing between 

partial dislocations which in turn effects the dislocation interactions creating the mechanical strength. 

Gavriljuk16 has shown that both athermal and thermal strengthening mechanisms are active at 

room temperature  Thus, it is important to look at both athermal and thermal strengthening mechanisms 

separately. 

2.4.1 Athermal Components 

Experimental work done by Reed and Simon18 and Byrnes106, found a linear dependence on yield 

strength and nitrogen content in austenitic stainless steels similar to that observed by Irvine. 

In austenite, nitrogen sits on the octahedral sites, as they are larger in face centered cubic (FCC) 

lattice than in the body centered cubic (BCC) crystal structure of ferrite.  In ferrite, nitrogen acts as an 

interstitial element sitting at the tetrahedral sites which move iron atoms in the <001> direction about 0.05 

nm per atom 110,111.  The nitrogen creates a tetrahedral distortion, which provides a hydrostatic internal 

stress within the lattice which interact with both edge and screw dislocations.  In austenite, nitrogen 

produces no tetragonal distortion, and in turn causes a cubic distortion, which contributes much less to 

strengthening.  Cubic distortions create hydrostatic strains in the material that do not strongly interact 

with edge dislocation strain fields, and do not interact at all with screw dislocation strain fields.  The 

distinguishing factor between cubic and tetrahedral distortion is the shear stresses that are only found in 

tetragonal distortions.  These internal shear stresses produce strain fields within the material that strongly 

interacts with the shear components of the strain fields of edge and screw dislocations.   

Strengthening by nitrogen in austenitic steels also occurs due to short range ordering that occurs 

with other substitutional elements.  Any strains that would move nitrogen from the octahedral sites causes 

an interaction with neighboring substitutional atoms (namely chromium), producing the non-cubic 

distortions required to strongly interact with dislocations16.   The increase in athermal Peierls-Nabarro 

strengthening due to the presence of nitrogen occurs but does not have a large effect16. 

In short, the predominant athermal strengthening mechanisms in HNASS welds with a small 

amount of ferrite are caused by ordering in the austenite and include nitrogen and chromium atoms 

clustering to form i-s complexes, and nickel atoms clustering to form short-range order in the austenite.  

Both of these effects are exacerbated with the nitrogen interstitial atoms, but in different ways.   For 

further discussion see Grujicic and Owen 112. 

2.4.2 Thermal Components 

Thermal strengthening mechanisms present in Nitronic 40 alloy are related to the dislocations 

structures formed within the material. 
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At low temperatures, it was found by Seeger113 that the temperature dependence of the flow stress 

in FCC crystals is determined by the intersection of dislocations and the production of point defects by 

jogs.  The formation of point defects by jogs is discussed more in Honeycombe 99, but the main point is 

that these point defects, created by dislocation interactions, force other dislocations to bend around them 

which increases the flow stresses in the material.  These barriers are difficult for extended dislocations to 

bend around, as it requires the extended dislocations to recombine to move past the barrier or cross slip.  

The lower the Stacking Fault Energy  (SFE) of a material  is, the wider the extended dislocations in the 

material are, and the less mobile dislocations are in the material.  The activation energies for cross slip 

and climb increases as the SFE decreases promoting what is called planar dislocation structures, where 

dislocations remain on a single slip plane, creating large pile-ups of dislocations which increases the 

strength of the material.  

Compared to carbon, nitrogen has no detectable or a smaller affinity for grain boundaries, but 

prefers to move to stacking faults16, decreasing the SFE.  Karaman et. al.114 has shown the effect of 

nitrogen in 316L stainless steel where nitrogen decreases the SFE, promoting planar slip in a material.  In 

Figure 2.16a, planar dislocation structures within nitrogen alloyed 316L alloy strained to 13% where 

dislocation pile-ups within the grains to accommodate strain.  At the same amount of strain, a 316L 

without nitrogen, forest dislocation interactions can be seen in Figure 2.16b, which are not as effective as 

the planar dislocation structures for strengthening. 

  
Figure 2.16 (left) TEM bright field images of a nitrogen alloyed 316L alloys were strained to 13% in 

tension along the [110] at room temperature where extensive planar dislocation arrays are 
visible compared to (right) A 316L alloy strained to 3% along the [100] exhibiting 
dislocation tangles. Images from 114. 
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2.4.3 Grain Boundary Strengthening of Nitronic 40 Alloy 

It has been found that the grain boundary strengthening in HNASS can be quite effective at 

increasing yield strength.  This effect is directly related to the interaction of nitrogen with dislocations.  

Traditionally austenitic stainless steel grain boundaries are not effective strengthening elements.  

Gavriljuk and Berns 16 concluded that the contribution to grain boundary strengthening by nitrogen occurs 

“due to a strong interaction between dislocations and nitrogen atoms locking dislocation sources which 

have to be initiated in adjacent grains for the transfer of plastic deformation from one grain to others.”  

One of the well-known dislocation barriers are Lomer-Cottrell locks, which can occur when two perfect 

dislocations encounter one another on a slip plane interact forming two partial dislocations that upon 

further interaction with dislocations can create a separate dislocation containing a Burgers vector out of 

the slip plane.  This new dislocation, known as a Lomer-Cottrell Lock, is sessile and prevents dislocation 

movement causing dislocations to stack up on a slip plane.  Nitrogen moves to Cottrell locks within the 

grains and effectively pins the dislocations by preventing slip on the plane further.  As more and more 

dislocations pile up on a slip plane, the stress required to move dislocations past the Lomer-Cottrell lock 

increases until the point at which dislocation sources in an adjacent grain activate.  

 The potency of the Cottrell locks is related to the binding energies of nitrogen (and carbon 

atoms) to dislocations.  For Cr18Ni16Mn10, the binding energies were measured by Gavriljuk et. al. 

using internal friction measurements 16, they found that the binding energies of nitrogen increase with 

increasing mass fraction of nitrogen as shown in Table 2.3.  Thus, the more nitrogen in a HNASS, the 

more strengthening occurs at grain boundaries. 

 

Table 2.3 – The enthalpy of binding of nitrogen and carbon to dislocations as measured by internal 
friction measurements for austenitic stainless steel Cr18Ni16Mn10. 

Content    
(wt.  pct.)   0.06  N   0.17  N   0.54  N   0.25  C  

Binding  Energy  
±0.05eV   0.56   0.66   0.76   0.62  

 

 

Nitrogen affects the locking parameter in the Hall-Petch Equation, as can be seen in Figure 2.17 

where the slope of the curves increases as nitrogen content increases.  Past research by Norström 20 has 

shown that the strengthening effect on grain boundaries does not depend on temperatures above 600°C.  

At higher temperatures, the mobility of both nitrogen and dislocations are too great for any dislocation 

pinning to be effective. 
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Figure 2.17 The effect of nitrogen on the grain boundary strengthening in HNASS.  Replot from 20. 

 

An example of grain boundary strengthening in HNASS was shown by Norström where a 

reduction of grain size from 100 µm to 10 µm will produce an increase of strength on the order of 150 

MPa at 0.3 wt. pct. N20.  The same reduction in grain size at 0.6 wt. pct. N was found to increase the 

strength by more than 100 MPa by Werner34.  A similar reduction in grain size would increase the 

strength by 50 MPa in a nitrogen-free stainless steel.  

The effect of nitrogen on the grain size hardening of HNASS can be described using the Hall-

Petch relationship in Equation 2.13. It has been found that the grain size hardening effect of nitrogen 

increases proportionally to the nitrogen concentration 20,34,106. 

2.4.4 Overall Nitrogen Solid Solution Strengthening 

The effects of nitrogen on the yield and ultimate tensile strengths of HNASS as shown in Nitronic 

40 stainless steel has been shown to have almost double the yield strength of type 304 stainless steel, 

which is clearly shown in Figure 2.18a.  Furthermore, the linear increase in ultimate tensile and yield 

strengths proportional to the nitrogen content can be seen in Figure 2.17 and Figure 2.18.  In Figure 2.18b 

the yield strengths of Nitronic 40 stainless steels typically have higher yield strength than many other 

HNASS steels tested.  The improved strength is most likely related to the high amounts of chromium in 

the alloy that increases the number of i-s complexes mentioned in Section 2.4. 

Moreover, the prediction of the total amount of solid solution strengthening in low carbon 

stainless steels has been investigated by Rawers115, which attributes the yield strength to three 

components found in Equation 2.24: 
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σ! = c + α N + β N !/!  
σ! = 215 + 939[N] + 61 N !/!  

  
2.24  

 

     
Figure 2.18 (left) Effect of nitrogen on ultimate tensile strength and ultimate tensile strength at room 

temperature, specifically for Fe-17Cr-10Mn-5Ni alloys compared to 304 alloy.  Plot from 
109; and (right) the effect of nitrogen on yield strength at room temperature of many other 
nitrogen strengthened iron alloys including specific data for 21-6-9 Alloys, the linear 
Equation provided is only for the other HNASS alloys. Plot recreated with data from 15. 

where c is a constant of 215 MPa, which is the yield strength of the matrix, α=939 MPa/wt. pct. 

N, which is the matrix strengthening due to dislocations interaction with nitrogen interstitials, and β=61 

MPa/(wt. pct. N)1/2, which is attributed to the dislocation drag strengthening.  Rawers also found that the 

thermal components of the strengthening due to dislocations approached zero at temperatures slightly 

above room temperature17.  The effect of nitrogen on matrix strengthening was studied by Werner34, 

where the strength increase within the interior grains, ∆𝜎!, was modeled by the law of superposition by 

Kocks87 and Labusch101 such that: 

∆σ! = σ!! − σ!!"#$%&
! !/!   2.25  

where σr is the strength increase of a nitrogen strengthened alloy, and σrmatrix is the matrix strength 

of an alloy with the same composition, without nitrogen.  It was found that with increasing nitrogen, the 

alloy’s yield stress became more sensitive to thermal effects compared to the nitrogen-free austenitic 

stainless steels. 

The variation in elastic modulus with nitrogen content and temperature by Byrnes et. al. 106 is 

shown in Figure 2.19, who also measured the influence of nitrogen on flow stress, reporting a linear 

dependence with a coefficient of 437 MPa/wt. pct. N  
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Figure 2.19 (left) Variation in elastic modulus with temperature and atomic concentration of nitrogen 

content; (right) increase in flow stress with nitrogen content and nitrogen concentration.  
Plots from 106.  

 

In Equation 2.1, Irvine14 predicted the linear strengthening component for yield strength to be 496 

MPa/wt. pct. N, and the matrix strength to be dependent on the chemical composition of the matrix.  

The effect of nitrogen on the stacking fault energy in high nitrogen austenitic stainless steels is a 

complex issue16,30 where the effect of nitrogen can either increase or decrease the SFE based on other 

alloying elements present.  For Nitronic 40 stainless steel specifically, the chromium and nickel content 

results in a relatively lower SFE compared to other austenitic stainless steels (i.e., 316 and 22Cr 13Ni 

5Mn alloys) 116. 

 

2.5 Mechanical Testing of Materials with Non-Uniform Microstructures 

Duplex stainless steels and welded joints are examples of materials with heterogeneous 

microstructures. In the case of duplex stainless steels the microstructures consists of austenite and ferrite, 

while welded joints typically have a base metal, heat affected zone, and the solidified weld metal 

microstructure.  In these materials, stress concentration points, similar to notches, form at the boundaries 

between weak and strong microstructural constituents potentially causing yield to occur potentially before 

the yield strength of either component.  This stress concentration occurs as a result of constraint effects 

within the material caused by forced compliance of adjacent grains in the material.  The amount of 

mismatch is expressed as the ratio of the yield strength of the weld metal over the yield strength of the 

base. 
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   2.26  

If Mmismatch is greater than one, the weld is stronger than the base metal and the joint is termed 

“overmatched,” while if the base metal is stronger than the weld metal the joint is “undermatched.”  For 

welding, the concepts of undermatching and overmatching are important for determining where a welded 

structure will most likely fail.   If the weld is weaker than the base material, failure is expected to occur in 

the weld, not entirely because the weld is weaker, but welds inherently have defects within them. 

This behavior is not always the case; a study by Satoh et. al. 117–121 investigated the deformation 

behavior of round and bar tensile specimens having a region of low strength perpendicular to the loading 

axis.  It was shown that the joint strength approached that of the plate as the thickness of the weld 

decreased.  The joint strength increased due to constriction of plastic flow in the weld layer, similar to that 

of a notched tensile test where the notch produces a triaxial stress state.  The same reduction in ductility 

created by a notched test was found to occur in the undermatched welds.  Similar results were repeated by 

Patchett and Bellow122. 

The determination of local changes at the interface of base metal (B) and the weld (W) is 

important for the mechanical properties of the welded structure.  Analyses by Ranatowski 123 and Landes 
124  showed similar work. 

2.5.1 Micromechanical Testing of Heterogeneous Microstructures 

The use of microtensile testing to minimize the amount of material required for tensile testing  to 

determine bulk properties of materials is a growing trend 125–128.  These tensile bar cross sectional areas 

range from the micron scale to the millimeter scale where the properties would match their bulk 

counterparts to one percent or better 129.  The application of microtensile bars are required to determine 

the weld strength of high energy density welds 130, while they can also be used to test the microstructural 

variation in arc welds130.  With the decreased size of the specimens, the care in the experimental method 

and measurements must be increased. 

The use of microtensiles to test the strength of welded structures in the transverse orientation 

provides information on the overall strength of the weldment, but does not provide the weld strength and 

ductility, as differing strengths of the weld metal, heat affected zone, and base metal that lead to non-

uniform strains in the gauge length of the specimens131,132.  Microtensile specimens have been used 

extensively to measure the mechanical properties of laser welds due to their size 125,130.  However, there is 

no ASTM standard testing procedures for laser welded or electron beam welded joints 125.  A variety of 

these microtensile specimens can be seen in Figure 2.20. 
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Figure 2.20 Microtensile example dimensions and geometries by: (a) Zhang et al. for testing ultrafine 

grained microstructures133, (b) Dobi and Junghans for testing different regions of laser 
weld metal 130, (c) Tong et. al. for testing resistance spot weld microstructures 134, and (d) 
Çam et. al. for testing laser weld metal125. 

 

Furthermore, the testing setups and strain measurements vary depending on the tensile geometries 

selected.  Common set ups include tensile inlays in grips, pins holding the specimens, and standard tensile 

grips, as shown in Figure 2.21.  The accuracy and comparability of these tests depend on the 

experimentalist entirely.  With the advancement of Digital Image Correlation (DIC),  standardized testing 

could be possible, or at least standardized method for data reporting, though there are many factors that 

need to be considered beforehand. 

2.5.2 Grain Size Effects in Microtensiles 

With the decrease in tensile specimen size, grain density, shape, and orientation effects become 

important considerations.  The grain density effect is that the number of grains available to be tested are 

reduced, while the shape effects are related to the surface area over volume ratio increasing as the size 

decreases135.  The density effect also increases any orientation effects that could be experienced by the 

tensile bar.  Finally, the methods for machining must be addressed as the typical technique using an 

electro discharge machining (EDM) technique can cause some unexpected results.  For example, in older 
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EDM techniques a large recast layer on the order of 30-50 microns was found to occur which possessed 

surface cracking in the cut surface of machined AISI 01 tool steel136. 

A surface grain effect was investigated by Raulea et. al.137 where aluminum sheet was tested 

while varying the sheet thickness and keeping grain size constant.  In this study, it was found that the 

minimum number of grains in the sheet thickness had a large role in accurately providing yield and tensile 

strength.  Consistently, in a number of studies 135,137,138, the flow stresses have shown to under predict the 

mechanical properties after a certain surface area-to-volume ratio is reduced.  The effect of grain 

constraint is removed in these smaller systems, reducing the number of slip systems required for slip 

decreases from five in the interior grains100 to three139.  Additionally, the increase in surface grains 

reduces the number of grain boundaries, and therefore removes some of the grain boundary hardening that 

occurs in larger materials. 

 

 

  
Figure 2.21 Microtensile test set ups for (a) ultrafine grain microstructures.133, (b) laser welds130, and 

(c) resistance spot weld  metal 134. 

The effect of decreased microtensile specimen size could also increase the effect of critically 

resolved shear stresses within grains of the material if any texture exists.  For example, if a certain 

number of preferentially oriented grains existed in the tensile region to strong or weak orientation, the 

spread in flow stress data would increase also.  Henning and Vehoff 100 did experimental and simulation 
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work on Fe3Si, resulting in the suggestion that the scatter in results would be significant if the number of 

grains in the gauge section of the bar were less than 20-100 grains.   

  
Figure 2.22 Plot of effect of grain size on yield strength and tensile strength of aluminum sheet steel. 

Plot is replot from Pauling135 of data from Henning and VeHoff100. 

 

Similar to macrotensile testing, the surface finish of microtensile bars has been found to be 

important 140.  Any notches or deformities in the material at smaller scales can act as large stress 

concentrators reducing the fracture stress.  Additionally, with the EDM technique, there is a record of a 

recast layer136 remaining on the surface of samples, which could play a large role as it affects the surface 

finish and material microstructure.  The recast layer is a result of local melting that exists during the EDM 

process that is a result of the rapid melting and solidification of the cut material.  Recast layers consist of 

two layers of white, hard to etch surface portion caused by the remelting of the material being cut—which 

in older technologies resulted in the formation of surface defects such as cracking or the build up of 

residual stresses. Below the melted layer, another layer where potential phase transformations were found 

to occur in the material exists which could alter the base material microstructure.   Though, newer EDM 

techniques have been used to reduce the recast layer dimensions to less than 2 µm141 for powder EDM 

techniques and below 8µm for wire EDM techniques142.  The smaller the dimensions, the more important 

the state of the tensile bar prior to testing 140 the recast layer should be minimized to ensure the 
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microtensile specimen measurements are a result of the desired microstructure, not the remelted 

microstructure.  

2.5.3 Microtensile Strain Measurements using Digital Image Correlation 

Digital Image Correlation (DIC) is a method for monitoring a montage of images to determine 

strain that occurs over time.  This method is used in a variety of applications monitoring thermal and 

mechanical strains without touching the specimen.  The limitations of the strain measurements are 

determined by the pattern being analyzed and the optical equipment used to acquire the images. The 

software algorithms used for correction can affect the accuracy of measurements.  During the analysis, the 

DIC software measures the gray value patterns in digital images of test surfaces taken before and after the 

event that is to be monitored143 and measures strain values. 

Some general concepts related to the preparation of DIC specimens include speckle patterning 

and speckle size—which relate to the feature unit that the DIC software uses to monitor strain of a 

discrete location on the specimen called a facet or subset size.  The facets are unique identifiable regions 

throughout the digital images consisting of at least three pixels of varying grayscale values.  The facets 

are monitored for before and after strain, to calculate the determined strains throughout in a material144.  

Speckle patterning is the technique of applying the speckles needed for the unique identifiable patterns 

used as facets in the software. For best results, speckle patterning should provide high contrast, be finely 

dispersed, and random.  The contrast is imperative for distinguishing the differences between different 

grayscale values assigned to pixels captured by the camera.  The pattern must be random to prevent 

aliasing of locations on the specimen, identifying two locations as the same facet.  Finally, the speckle 

size is important, as it is the smallest distinguishable feature that the software can use to create facets 

with.  In the case where a digital extensometer on a tensile bar is used to measure linear strain in a 

material, the distance between two selected facets are used as endpoints of the extensometer. 

Speckle patterns can be applied in a variety of ways: spray paint, lithography techniques, and 

airbrushes.  In a study by Acar and collaborators143, the resulting surface finish from the EDM process 

was found to work as a speckle pattern with the correct lighting.  The subset is what DIC uses to monitor 

strain between different locations on a sample. It typically consists of an array of pixels that correlates a 

location on the sample to a location on a digital picture of the sample. Sutton144 suggests the minimum 

speckle size should be three pixels, and each minimum subset size is limited to an N-by-N matrix of three 

speckles.  Relating the object size in mm to the image size in pixels can help determine the minimum field 

of view, subset size and speckle size to achieve a known displacement accuracy.  Figure 2.23 can be used 

to relate the object sizes and image sizes.  Each camera has a set resolution, unless the images are binned 

for faster data acquisition, which gives an image field of view of at least M x M pixels, which correlates 
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to a certain object field of view of N x N.  The ratio of M/N is the magnification factor in pixels per 

object length, which can be used to convert between an object dimension and an image dimension.  The 

final object displacement accuracy can be estimated from image displacement accuracy, using the same 

conversion, as shown in the equation in Figure 2.23. 

     
Figure 2.23 Example DIC image for a microtensile bar 1 mm in gauge width, and equations relating 

the DIC image pixel dimensions to the object dimensions. 

2.6 Laser Welding of HNASS and Nitronic 40 Alloy: Microstructures, Compositions and 
Mechanical Properties 

In the thesis published by Philhagen35, it was found that in LBW  of 1 mm Nitronic 40 sheet 

metal had a UTS of 763 MPa, 93% of the base metal UTS, and an elongation of 0.21 mm/mm, 45% of the 

base metal elongation.  It is thought that the reduction in strength compared to the base metal is due to the 

notch effect created by the weld mismatch found in the tensile bar.  The XRD measurements of the ferrite 

content reported 3.3% δ-ferrite, with no sigma or carbide phases present.  The properties deteriorated after 

a heat treatment at 1200 °C.  In a laser welding study by Iamboliev66, it was found that the weld metal in 

both argon and nitrogen shielding gases had yield strength joint efficiencies of 83 and 88%, with 

ductilities 88-90% of the base metal for 18Cr-6N12Mn type stainless steels. 

2.7 Electron Beam Welding of HNASS and Nitronic 40 Alloy: Microstructures, Compositions 
and Mechanical Properties. 

In research conducted by Raasch and Munir145, it was found that the strength of 2 mm plate EBW 

Nitronic 40 alloy welded at 2.8 m/s was 733 MPa, which approached 95% of the base metal.  Also the 

elongation of the welded plate was at 70% elongation of the base metal.  The test illustrated the improved 

mechanical properties of Nitronic 40 steel welds to that of 304L and 316 (low nitrogen) stainless steel.  

The welded tensile bars of the Nitronic 40 had relatively the same yield stress and ultimate tensile stresses 

as can be seen in the stress-strain curve in Figure 2.24a., which did not occur in 304L or 316 type 
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stainless steel as can be seen in Figure 2.24b.  

Specimens were quenched 40 seconds after the completion of the weld.  Electron Probe Micro 

Analysis (EPMA) results indicated that there were no detectable changes in the concentration of the major 

alloying elements (Cr, Ni, Mn, and Mo) across the fusion boundary. In a study by Messler71 in laser 

welding of Nitronic 33 type stainless steel the welded structure proved to have a higher ultimate tensile 

strength and yield strength compared to the base metal.  The base metal had average ultimate tensile 

strength and yield strengths of 728 MPa and 404 MPa, respectively, compared to the welded structures 

yield and ultimate tensile strengths of 742 MPa and 424 MPa.  The elongation was close to that of the 

base metal and the elongation, 54% in the welded specimen compared to 60% in the base metal.  

a.)   b.)     
Figure 2.24 Microtensile examples of electron beam weld joint mechanical properties of (a) Nitronic 

40 and (b) 304L stainless steel base metal and EBW joints. Plots from Raasch and 
Munir145.  

In a recent study by Elmer et. al. 146, it was observed that in electron beam welds done on Nitronic 

40 type stainless steels that the joint efficiency of the welds matched that of the base metal.  The tests 

were done with both microtensile and standard tensile bars. 

2.8 Electron Backscatter Diffraction  

Electron BackScatter Diffraction (EBSD) is a powerful tool for studying the recrystallized and 

deformed microstructures.  The tool can be extremely useful in the characterization of weldments, in 

particular, laser and high energy density welds that require a fine resolution.  The concept of EBSD relies 

on the rastering of an electron beam over the surface of a material, collecting the Kikuchi diffraction 

patterns from backscattered electrons at a known location.  An electronic system is typically used to 

collect the data on a known grid on a material surface where the data is desired from, where the resolution 

of the instrument is based on the electron beam diameter, the chosen step size determined by the user, and 

limited by the interaction volume of the electron column used for data collection.  This technique is 
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recommended  for grain/subgrain analysis in solidified and deformed microstructures.  A good review for 

the many measurements that can be performed using EBSD is authored by Humphreys148. 

 

Table 2.4 – Summary of some HNASS mechanical properties of welds studies. 

Welding  
Process  

UTS  
(MPa)  

Yield  
(MPa)  

Elongation  
(%)   Comments   Source  

EBW   742   424   54%   Material:  Nitronic  33   Messler  1978  
147  

EBW           

Material:  Nitronic  33  
Weld  Depth:  18  mm  ,    

Base  N  content:  0.33  wt.  pct.  
Base  Mn  content:  12  wt.  pct.  

Kennedy  1980  
71  

EBW   733     N/A   71%   Material:  Nitronic  40    
N  content:  0.28  wt.  pct.    

Raasch  &  
Munir  145  

LBW   763   460   21.5  %  

Material:  Nitronic  40  
Weld  Depth:  1mm  

N  content:  0.32  wt.  pct.  
Ferrite  :    approx.  3.3  vol.  pct.%  

(XRD  meas.)  
Reported  AF  solidification.  

Philhagen  
2004  35  

LBW  CO2  
83-‐88%  
base      88-‐89%  

base  
Material:  18Cr-‐.6N12Mm  
  Weld  depth:  2  and  6mm  

Iamboliev  
199966  

EBW   727   380     
Material:  Nitronic  40  alloy  

Weld  depth:  1mm  
Base  N  content:  0.23  wt.  pct.  

Elmer  2014  146  

 

The grain size measurements using EBSD can be done by linear intercept methods or grain 

reconstruction methods; however, the output of both of these methods depends on the misorientation that 

defines a grain (typically 15° is used as the standard).  It is also possible to omit twins that occur in 

materials as long as they are defined prior to analysis.  There are other factors that are associated with 

grain size measurements using EBSD, including the step size, non-indexed points and some issues related 

to the instrument making the measurements148.  

First the step size (δ) must be smaller than the smallest grain size measured (D).  It has been 

shown that to obtain an accuracy of 90 and 95 percent, the minimum number of pixels (related to the step 

size) must be at least five and eight pixels, respectively.  Additionally, Humphreys148 has shown that the 

minimum grain size measurements for a field emission gun scanning electron microscope using the linear 

intercept method is about 0.5 µm.  Humphreys also claims that by performing correct data cleaning, and 

at least a 50% grain indexing, the error can be reduced to 10% for even smaller grain sizes. 

The pattern quality of EBSD deteriorates with increasing defect and dislocation density in 

materials caused by plastic strain.  One can build a calibration curve of image quality on samples of 
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known strain to relate the image quality to strain, however, many factors including interaction volume 

(beam deflection, beam defocus),  sample surface condition (oxide layers, surface contamination, and 

even crystallographic orientation) can affect the image quality149.   
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CHAPTER 3:  EXPERIMENTAL PROCEDURES 

An explanation of the base material characterization, experimental equipment used, and the 

procedures involved for analyzing the effects of nitrogen on laser welding and laser weld mechanical 

properties are discussed in this chapter. 

3.1 As-Received Material Characterization 

Four Nitronic 40 stainless steel heats were used as base material: three heats were from bar stock 

from Carpenter Tech and one heat of hot stamped Nitronic 40 stainless steel was provided via industrial 

sponsors.  The Carpenter Tech bar dimensions and compositions of these alloys (determined via standard 

chemical analysis) are listed in Table 3.1 along with the chemical composition of the hot stamped  (HS) 

Nitronic 40 sheet material. 

Table 3.1 – Chemical Composition for Nitronic 40 Steels (wt. pct., Balance Fe). 

ID	   Element	  
	  	   Cr	   Ni	   Mn	   N	   C	   Si	   P	   S	  

High	   19.89	   6.55	   8.96	   0.31	   0.03	   0.049	   0.016	   0.001	  
Med	   19.88	   6.14	   8.91	   0.28	   0.029	   0.49	   0.018	   0.001	  
Low	   19.9	   6.49	   8.94	   0.23	   0.031	   0.54	   0.017	   0.001	  
HS	   19.46	   7.26	   9.32	   0.27	   0.21	   0.54	   0.019	   0.001	  

	  
ID	   Element	  

	  
Mo	   Ti	   Nb	   Cu	   V	   Al	   Co	  

High	   0.100	   0.001	   0.019	   0.016	   0.039	   0.032	   0.205	  
Med	   0.102	   0.001	   0.022	   0.052	   0.136	   0.029	   0.158	  
Low	   0.047	   0.001	   0.019	   0.01	   0.039	   0.025	   0.193	  
HS	   0.111	   0.001	   0.022	   0.182	   0.053	   0.021	   0.149	  

	  

3.1.1 Nitronic 40 Stainless Steel Base Metal for High Energy Density Welding 

Nitronic 40 bars 17-18 mm (~0.5 inch) in diameter were cold-rolled from into 4.5 mm (~0.18 

inch) thick plates with intermediate anneals at 1025 °C for one hour followed by a water quench.  Three 

reductions of approximately 5 mm, 3 mm and 2 mm were done to form the bar into a plate, each followed 

by an intermediate anneal at 1050°C for one hour followed by a water quench as recommended by ASM 

Handbook Vol. 4.  To ensure annealing had occurred, hardness measurements were done on the 

specimens post cold-rolling where the annealed hardness was maintained around 80 HRB.  The resulting 

hardness, ferrite contents, and average grain sizes post cold-rolling and heat-treating are shown in 

Table 3.2, and considered as the base metal parameters, as listed in Table 3.1.  Grain sizes were measured 
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according to ASTM E112-13 using a linear intercept method on ten micrographs taken from etched base 

metal specimens. 

The annealed plates were then face milled to a final thickness of 3.00 mm while alternating the 

milled surface from the top to the bottom of the plate to reduce residual stresses forming within the 

material.  The thickness of three millimeters was selected, as it is a common thickness for laser welding.  

The ferrite content of the plates were measured using a Fisher Ferritescope MP3C with a concentric 

cylinder RMA422 probe.  The probe was calibrated according to the manufactures specifications and 

checked with a calibrated block with 1.49 vol. pct. ferrite with an average measurement of 1.51 ± 0.14 

vol. pct. and at a 95% confidence interval.  For the base metals, the ferrite contents in the as-received 

material were below the sensing range of the ferritescope of 0.1 vol. % ferrite.  

The average surface roughness was measured with a Pocketsurf III® gauge made by Mahr 

Federal that was calibrated according to ASME B46.1 and checked to a calibration block with a Ra=3.07 

µm to a value of 3.08 µm ±0.20 µm at 95% CI.  The resulting material finish appeared mirror-like with an 

average surface of Ra=0.74 µm ±0.18 µm (95% CI).  Sample materials were then cleaned in an ultrasonic 

water bath sonicator in acetone for ten minutes, and then dried in air prior to welding. 

 

Table 3.2 – Ferrite contents and grain sizes of Nitronic 40 Stainless Steels used for microtensile testing, 
post reduction and annealing. 

  ID    
(N  content)   Hardness  *(HRB/HV)   Ferrite  Content  

(vol.  pct.)**  
Average  Grain  
Size  (µμm)  

ASTM  Grain  
Size  

High     89.0/217   -‐   58   5  to  6  
Medium     85.1/214   -‐   62   5  to  6  
Low     86.3/180   -‐   51   6  

*Note 1: Hardness measurements were taken at a load of 100 kgf using a 1/16 in. spherical indenter calibrated to the 
ASTM 19-05 Rockwell hardness standard which was checked to a 77.0 HRB calibration block to a value of 77.2 
HRB ±0.9 at a 95% confidence interval. 
*Note 2:  - Indicates ferrite contents measurements were below the resolution of the ferrite meter. 

3.1.2 Nitronic 40 Stainless Steel Specimens for LBW in Argon and Nitrogen Environments 

The 3.2 mm thick Nitronic 40 hot stamped (HS) sheet was used for laser welding in argon and 

nitrogen environments.  The hardness values, ferrite content and average grain size measured for the sheet 

can be found in Table 3.3.  The material was welded with the hot stamp surface that was found to have a 

surface roughness of 5.09 µm ±0.24 µm at a 95% confidence interval using the same Pocketsurf  III® 

measurement tool with the same calibration previously described.   The hardness measurement was 90.3 

HRB ±0.6 HRB at a 95% confidence interval.  It is possible that the values are low since the machine had 

not been calibrated recently. 
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Table 3.3 – Ferrite contents and grain sizes of Nitronic 40 Stainless Steels Hot Stamped (HS) sheet. 

ID   Hardness  
*(HRB/HV)  

Ferrite  Content  
(vol.  pct.)**  

Average  
Grain  

Size  (µμm)  

ASTM  
Grain  
Size  

HS  Nitronic  40  
sheets   89/217   -‐   30   7  to  7.5  

*Note 1: Hardness measurements were taken at a load of 100 kgf using a 1/16 in. spherical indenter calibrated to the 
ASTM  19-05 Rockwell hardness standard which was checked to a 87.0 HRB calibration standard  to a value of 83.3 
± 0.3 at a 95% confidence interval. 
*Note 2:  - Indicates ferrite contents measurements were below the resolution of the ferrite meter. 

3.1.3 Grade 321 and Grade 410 Stainless Steels 

Two stainless steel sheets were selected as reference to relate microtensile specimens and 

standard ASTM sub-size E8M, and ASTM E8M tensile bars.  The range of chemical composition 

provided by the manufacturers are provided in Table 3.4.  While hardness and manufacturers yield stress, 

ultimate tensile stress and elongation can be found in Table 3.5.  The grade 410 stainless steel alloy is a 

martensitic stainless steel exhibiting high strength and corrosion resistance. The grade 321 stainless steel 

alloy is an austenitic stainless steel similar to grade 304, which should provide similar elongations to 

Nitronic 40 stainless steel.  These alloys were selected as they were cheap machinable stainless steel 

alloys and for their difference in mechanical behavior.  It must be noted that there is a large elongation 

range in the grade 410 stainless steel which was also found to occur in the ASTM E8, E8M and 

microtensile specimens. 

 

Table 3.4 – Typical Chemical Composition for grade 321 and grade 410 Stainless Steels (in max wt. pct.) 

ID   Element  
   C   N   Mn   Si   Ni   Cr   Ti   S   P  

410   0.015   -‐   1   1.0   0.75   11.5-‐13.5   -‐   0.03   0.04  
321   0.08   0.1   2   0.75   9-‐12   17-‐19   0.70   0.03   0.0045  

     *All values in table are in wt. pct. from twmetals.com 
 

Table 3.5 – Mechanical & Microstructural Characterization of 410 and 321 SS Reference Materials  

   Hardness  
(HRB)  

Yield  Strength  
(MPa)  

UTS  
(MPa)  

Elongation  
(%)  

410  Stainless  Steel   82   200-‐275   423-‐520   20-‐40  
321  Stainless  Steel   95   200   520   40  

*All values from twmetals.com 

3.2 Microtensile Specimens 

Microtensile bars were designed such that the base metal and the laser weld metal could be tested 

from the same machining process.  As recommended by Henning and Vehoff100 in Section 2.5.2, the 
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minimum recommended number of grains in the gauge area should be between 20 and 100 grains. 

Figure 3.1 illustrates an example of an equiaxed microtensile gage cross section, where blue grains 

indicate interior grains and green grains indicate edge grains.  Using the equation in Figure 3.1, its 

possible to determine the minimum widths and thicknesses required to achieve a specific number of 

grains in the gage section.  With an interior grain size of 60 µm, the ranges of dimensions are limited to a 

cross sectional area minimum of 357 µm x 357 µm.  The dimensions of 1.00 mm x 0.500 mm were 

chosen such that the number of interior grains was approximately 120 grains. The microtensile 

dimensions were designed such that TEM specimens could potentially be removed from the grip sections, 

while a notch was added to help identify the orientation of the tensile bars.   

  
Figure 3.1 Illustration of tensile dimensions comparing interior and exterior grains, assuming 

equiaxed grains where the average diameter of the grains is d. 

 

Table 3.6 – Microtensile dimensions for dimensions for microtensiles indicated in Figure 3.2 and 
Figure 3.3 

Tensile  
Bar  

Distance  from  
top  Surface  to  
Center  of  Gauge  
Bar  (mm)    

Grip  
Width  
(mm)  

Min.  
Grip  
Length  
(mm)*  

Radius  of  
Curvature  

at  
Reduction  
(mm)    

Gauge  
Section  
Thickness  
(mm)  

Gauge  
Section  
Width  
(mm)  

Gauge  
Section  
Length  
(mm)  

TOP       0.52   3.00   6.29   2.25   1.00   0.500   4.5  
MIDDLE   1.5   3.00   6.29   2.25   0.500   1.000   4.5  
ROOT   2.48   3.00   6.29   2.25   1.00   0.500   4.5  

*Minimum grip length is not as indicated in the mechanical drawings, as it was limited in some case by 
the total amount of weld metal available. 

**All tensile bars were machined from at least 1.0 cm from the weld edge.  
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The dimensions of the bars can be found in Figure 3.2 and Figure, and Table 3.6 for the two 

geometries of tensile bars, which will from now on be called vertical or horizontal tensile bars.  The 

vertical tensile bars were only machined for the middle weld metal and base metal microtensiles, while 

the horizontal tensile bars were machined from the top and root weld metal.  The cross sectional area 

remains the same between the two tensile bars; the only difference lies in the grip section thickness that is 

0.5mm in one case and 1.0mm in the second case. 

  

  
  

Figure 3.2 (a.)  A typical laser welded sheet with shaded regions where one type of geometry would 
be removed from all three welds: (b) A schematic of the vertical microtensiles removed 
from the welded plate with a shaded region indicating weld metal region; (c) A schematic 
of how the tensile bars were removed.  The top portion was taken from the top 1mm of 
the weld, where the bottom section was taken from the bottom section of the weld. The 
top 0.2 mm and bottom 0.2 mm of each bar was removed. (all dimensions in mm.) 

The radius of curvature at the fillet was initially set at 1.5 mm, though the value was adjusted to 

2.25 mm after some standard modeling was done using Solidworks® as shown in Figure 3.4.  The 

horizontal and vertical microtensiles were selected, and two different gripping mechanisms (1) an inlay 

grip loading condition, and (2) an inserted pin condition were applied.  A 400 N load was applied onto the 

fillet along the axial dimension of the tensile bar in the inlay model, while in the pin model a 400N load 

was applied in a 1.25 mm diameter hole drilled in the grip section.  Type 410 stainless steel was used as 

the simulated material.  The pin model results suggested uniform tension in the gauge section in all cases, 

though the pin hole specimens would be more expensive to machine.  The inlay grip design provided 

adequate strain, with a potential stress concentrator in both cases, but more so in the vertical microtensile 

orientation as can be seen in Figure 3.5. The latter geometry was selected for economic reasons. 
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Figure 3.3 Tensile schematics for microtensiles. (Top) Horizontal geometry microtensile bar;  

(Bottom) Vertical geometry microtensile bar. (all dimensions in mm). 

 

 

    

  

Figure 3.4 Modeled strains of microtensile bar models to which a fixed end was applied one end of 
the tensile and an axial force was applied to the fillet (left) or in a 1.25 mm diameter hole 
(right) of tensile bars with the same gauge area. 
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Tensile bars were extracted from weld metal using a Wire Electrical Discharge Machining 

(EDM) technique.  Dimensions of the bars were measured with either a micrometer prior to testing or an 

optical microscope. Dimensions varied less than one percent between bars.  Tensile bars were removed 

from the top 1 mm, middle 1 mm, and bottom 1 mm of the 3 mm laser welds using the EDM method, 

followed by a three second soak in a solution of 50% phosphoric acid and deionized water mixed at a 

1:100 ratio to try to dissolve the recast layer from the specimens. The locations from where the tensile 

bars are removed are shown in Figure 3.8c.  In the end, the total number of microtensile bars per each 

condition is shown in Table 3.7. 

         
Figure 3.5 Modeled strains of microtensile bar models to which a fixed end was applied one end of 

the tensile and an axial force was applied to the fillet (left) for horizontal microtensile 
specimens and (right) of vertical microtensile specimens with the same gauge area and  
applied forces. 

 

Table 3.7 –Total Number of Microtensile specimens per welding procedure.* 

   LBW   EBW   Base  Metal  

Weld  Environment   Argon  Shield   Nitrogen  Shield   Vacuum     
TOP   18   18   12   6  

MIDDLE   12   12   12   6  
ROOT   18   18   12   6  

* Each condition was tested for the High, Medium and Low nitrogen contents indicated in Section 1.1.12 
 

A WYCO 3D Optical Profilometer was used to measure surface roughness of the microtensile 

bars with Vision 32 software developed by Veeco Instruments.  This method uses coherent light to create 

an interference pattern with the sample surface, and through fringe analysis surface topography of the 

sample is characterized.  The measurements were corrected for tilt using the software to obtain a flat 

surface, no other terms were removed from the analysis because of the inherent flat surface from the 

EDM technique.  A double averaged scan was used while scanning in Vertical Scanning Interference 
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mode with a 5x objective lens.  The modulation threshold was set to 1 on the surface of 0.92 mm by 3.0 

mm across the gauge section of the bars, which was then further screened 0.75 mm from each side to 

remove inconclusive data.  An example of the surface profiles of a machined microtensile is shown in 

Figure 3.6 where the average surface roughness in the x and y directions were measured to be  2.11 µm 

and 2.12 µm, respectively. 

      

    

  

  

Figure 3.6 (Left) Secondary electron image of microtensile bar surface as machined with EDM 
process. (Right) Optical profilometer surface roughness profiles for the x direction, 
indicated in red (through thickness direction) and y direction indicated in blue 
(longitudinal direction). 

3.2.1 Recast Layer Investigation 

To investigate the EDM process for a recast layer, tensile bar sections were polished and 

inspected in a Scanning Electron Microscope (SEM) to check for a recast layer.  The recast layer was 

observed on microtensiles of the tested specimens.  The three second soak in a solution of 50 % 

phosphoric acid and deionized water mixed at a 1:100 ratio did not remove the recast layer.   A secondary 

electron micrographs of etched tensile bar of the recast layer is shown in Figure 3.7. The 10 µm region 

indicated in Figure 3.7 consisting of a small unetched region in the micrograph is indicative of the recast 

layer, which is next to a small region of resolidified metal.  Both regions have a thickness of 10 µm, thus 

the total recast layer is less than half of the grain size of the as-received material (50µm), and as such the 

number of constrained grains below the surface recast layer within the material is still adequate by the 

standard set in Section 3.2. 
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Figure 3.7 Micrographs of microtensile bars post-EDM. (a) Secondary electron image of recast layer 

on an electro discharge machined base metal microtensile. (b) Optical micrograph of 
laser weld metal etched in a mixed acid solution. 

3.3 Laser Welding 

Continuous wave autogenous laser welds were produced on the prepared specimens described in 

the previous section.  All laser welds were produced with an 1.1 kW multimode IPG Ytterbium doped 

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

length lens, giving a theoretical spot diameter of 167 µm.  The theoretical beam diameter can be found 

from Equation 3.1 where Dmin is the theoretical diameter, DF is the diameter of the delivery fiber, FL is the 

focal length of the lens, and FC is the focal length of the collimator. 

D!"# = D!
F!
F!

   3.1  
  

The power density can be found from the welding power calculated within Equation 3.2, while 

the heat input can be determined using Equation 3.3. 

Power  Density   = η!""
Power

π D!"#
2

!   3.2  
  

Heat  Input   = η!""
Power

π D!"#
2

!
S
   3.3  

  

where ηeff is the welding/melting efficiency, which can range from 40%150,151 to 80%152 for fiber 

laser welds, and S is the travel speed.  A rough estimate of the melting efficiency can be calculated using: 

Melting  Efficiency   η!"" = ρS  υ   𝐶! 𝑇! − 𝑇! + ∆𝐻!   
3.4  
  

where ρ is the average density of the metal from room temperature (T0) to the melting 

temperature (Tm), S is the cross sectional area measured in the fusion zone, υ is the travel speed, 𝐶! is the 

average heat capacity from room temperature to Melting temperature, and Hf is the latent heat of melting 

of the material. 
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3.3.1 Experimental Set-Up for Weld Metal Fabrication for Microtensile Weld Metal 

A view of the welding set up is shown in Figure 3.8a and Figure 3.8b.   All welding was done at a 

sharp focus on the material surface with either ultra high purity argon (99.999%) or research grade 

nitrogen (99.995%) shielding gas flowing at 0.25 L/s through a nozzle transverse to the welding direction 

at a 45° angle to the sample surface.  The laser optics were tilted 7° off normal relative to the travel 

direction to reduce back reflection (see Figure 3.8a).  For clamping, the samples were restrained by a vice 

applying a compressive stress transverse to the welding direction. 

The target depth and width parameters for welding were three mm and 0.5 µm, respectively.  The 

three mm depth would allow for testing one mm sections from the top, middle, and root of the weld as 

indicated in Figure 3.8c.  The overall width of the weld of 0.5 mm would allow for the microtensile areas 

to encompass at 20-100 grains in the as-received materials.  

  

  
Figure 3.8 (a) Laser welding arrangement indicating the laser offset angle and vice gripping a 

machined Nitronic 40 steel specimen. (b) The shielding gases were applied from a 45° 
angle and (c) a schematic drawing of the orientation and locations from where tensile 
bars gauge areas were machined. 
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3.3.2 Welding Parameter Selection for Weld Metal 

Iamboliev et. al.66 reported that both alloying element vaporization and porosity occurred at travel 

speeds lower than 10 mm/s in Cr18N06Mn12 steel; thus a travel speed of 12.7 mm/s was selected for 

preliminary testing. Preliminary research at CSM has shown that for Nitronic 40 stainless steel laser 

welds with an argon shielding gas for a three mm depth, at a travel speed of 12.7 mm/s, the required laser 

power range would be 700 to 950 W.  A small matrix was conducted with argon shielding gas and a 

nitrogen shielding gas to determine if nitrogen played a large role in the weld profile and to determine 

overall welding parameters.  All welds in this matrix were full penetration welds as can be seen in 

Figure 3.9, however an autogenous weld that was not full penetration is shown in Figure 3.9f for 

comparison to the full penetration welds. The weld parameter selection was based on the weld material 

being encompassed entirely by the 0.5 mm x 1.0 mm rectangle overlays.  It was found that the nitrogen 

decreased the width at the inflection points indicated by white arrows,. The measurements of the root 

width at of the weld as can be seen in Figure 3.10.   As these welds were full penetration welds, the 

difference in the width at the bottom does not reflect the same widths that would be measured on thicker 

steel sheet.   

  
Figure 3.9 Micrographs of autogenous laser welded Nitronic 40 stainless steels all welded at a travel 

speed of 12.7 mm/s welded with an argon shielding gas at (a)850 W and (b) 875 W and 
with a nitrogen shielding gas at (c)875 W, (d)900 W, and (e)925 W.  Rectangular 
overlays represent a 3 mm x 0.5 mm region where vertical tensile bars were to be 
removed. (f) an example of keyhole mode welding without full penetration.  

From preliminary welds, a calibration curve of depth-to-width was developed, from which a 

window of 850 W to 950 W was selected for a depth of 3 mm penetration.  Next, the weld dimensions at 
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the top, middle and root of the weld had to be carefully monitored.    While the width at the top of the 

weld always exceeded 0.5 mm, the widths at half thickness and at the root were determined, as shown in 

Figure 3.10 and Figure 3.9. The limiting factor was found to be the width at the root of the weld; as such, 

a welding power of 875 W was selected for both the nitrogen and argon shielding cases to ensure as close 

to 0.5 mm root width as possible.  The weld bead surfaces can be seen in Figure 3.11, which show very 

little difference in weld quality or top bead width. 

  
Figure 3.10 Welding parameter study for widths at base and inflection point of welds. 

 

  
Figure 3.11 Weld bead profiles for laser welded Nitronic 40 stainless steel, all welds done at power of 

875W and travel speed of 76 cm/min; (a) High nitrogen base, argon shield, (b) High 
nitrogen base, nitrogen shield, (c) Low nitrogen base, argon shield, (d) Low nitrogen 
base, nitrogen shield. 
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3.3.3 Laser welds  

Autogenous full penetration welds were produced using a welding power of 875 W and a travel 

speed of 12.7 mm/s for an average power density of 3.2 x 1010 J/m2 assuming a conservative 80% 

coupling efficiency, as was determined for fiber LBW of 304 Stainless Steel by Kawahito et. al.153.  The 

heat input would be 2.5 x 1012 J/m3.  Welds were then created with no backing plates. 

Nine autogenous, continuous mode welds were produced per condition on the high, medium, and 

low nitrogen content base metals in both nitrogen shielding gas and an argon shielding gas.  The shielding 

gas was directed onto the weld from the side of the weld as indicated in Figure 3.8.  Three welds were 

done on six separate 16 mm x 60 mm x 3 mm machined coupons of the heat-treated bars of Nitronic 40 

stainless steel listed in Section 1.1.1. First, a weld was done along the centerline of the plate, then a weld  

was done on either side as indicated in Figure 3.8b with a centerline-to-centerline spacing of 5 mm and a 

minimum distance from the edge of the weld of five mm.  A minimum of five minutes was kept between 

welds to ensure similar heat profiles in the welds. Temperature of the base metal post welding were 

measured to ensure consistent base metal temperature occurred prior to welding.  Upon machining it was 

found that residual stresses between the welds were not similar, larger deflections were found to occur in 

the last weld done, as the heat from subsequent welds stress relieved prior welds. 

 

Table 3.8 – Welding Conditions and Sample Count for Laser welds used for microtensile testing. 

   Argon  Shielding  Gas   Nitrogen  Shielding  Gas  
High  Nitrogen     9  Welds   9  Welds  
Medium  
Nitrogen   9Welds   9  Welds  

Low  Nitrogen   9  Welds   9  Welds  

3.3.4 Experimental Set Up for Laser Welding in Nitrogen and Argon Environments Study 

Laser welding was conducted on the hot stamped Nitronic 40 stainless steel in the set up shown in 

Figure 3.12.  All welding was done at a sharp focus on the material surface.  The glove bag was purged of 

air through a vacuum outlet and then completely filled with argon through the gas air knife inlet, three 

times, before the selected final gas was added into the glove bag for welding.  Figure 3.12 illustrates the 

filled state of the glove bag during the purging process, not the welding process.  Either ultra high purity 

argon (99.999%) or research grade nitrogen (99.995%) was used during welding in the glove bag; it was 

estimated that the pressure inside the glove bag was approximately one atmosphere, as the bag was not 

fully pressurized during welding.  The laser optics were tilted 7° off normal relative to the travel direction 

to reduce back reflection.  For clamping, the samples were restrained by a metal bar fastened by two 

screws, as shown in Figure 3.12. 
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Welds were done at a travel speed of 12.7 mm/s at sharp focus at the powers listed in Table 3.9 

with no shielding gas; gas was continuously input into the system through the air knife and removed 

though the vacuum during the welding process.  Powers were arbitrarily chosen to test the capabilities of 

the CSM laser. 

 

Table 3.9 – Welding parameters for laser welds done in glove bag in different atmospheres.  

   500W   700W   900W  
Argon  Environment   3  welds   3  welds   3  welds  
Nitrogen  Environment   3  welds   3  welds   3  welds  

 

  
Figure 3.12 Laser welding arrangement for laser welding in glove bag including an inlaid image 

illustrating sample clamping during welding.  No direct shielding gas was used. 

3.4 Electron Beam Welds 

A series of full penetration Electron Beam Welds (EBW) were made by Dr. Paul Burgardt in his 

laboratory, on the same Nitronic 40 stainless steel coupons indicated in Section 1.1.1 with a Nitronic 40 

alloy backing plate.  The welds could not be produced without a backing plate as the samples without 

backing plates curled during welding.  This curling is sometimes referred to as “potato chipping.”  The 

welds were produced using a voltage of 110 kV, a beam current of 7.2 mA, and a travel speed of 12.7 

mm/s with a 60 Hz circle deflection with a 0.75 mm diameter. 
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All welds were done on specimens at room temperature, at a sharp focus with a Gaussian beam 

profile and a Full Width beam measurement measured at 1/e2 (FWe-2), which encompasses 86.5% of the 

electron beam current of 0.28 mm at a vacuum pressure of 1 x 10-8 MPa. The theoretical beam diameter 

can be found from Equation 3.5 where Dmin is the theoretical diameter, and FWe-2 is the aforementioned 

Full width beam. 

D!"# = π ∗ FWe − 2 !   3.5  
  

The power density can be found from the welding power calculated with Equation 3.6 while the 

heat input can be found from Equation 3.7: 

Power  Density   = η!""
0.85 ∗ Voltage ∗ Current

π FWe − 2
2

!    3.6  
  

Heat  Input   = η!""
0.85 ∗ Voltage ∗ Current

π FWe − 2
2

!
S

   3.7  
  

where ηeff is the EBW efficiency, typically 95% for electron beam welds, and S is the travel 

speed.  These conditions give an average power density of 1.3 x 1010 J/m2.  The heat input would be 39% 

of that of the laser welds at 9.7 x 1011 J/m3.  Four welds were made at each condition, as listed in 

Table 3.10. 

Top views of the welds can be seen in Figure 3.13, transverse weld profiles of the welds produced 

can be seen in Figure 3.14. No surface pores were found or any other surface defects.  The EBWs 

sufficiently penetrated the three millimeter thick machined plate and 0.2 mm of the backing plate.  

Additionally, the backing plate acted as a sink for root porosity, preventing porosity formation in the areas 

where microtensile specimens are extracted. 

Table 3.10 – Welding Conditions and Sample Count for 2014 batch of Electron Beam Welds 

Alloy   Electron  Beam  Welds  
High  Nitrogen     4  Welds  

Medium  Nitrogen   4  Welds  
Low  Nitrogen   4  Welds  

3.5 Mechanical Properties and Mechanical Testing 

With the small size of the laser weld and electron beam welds, traditional tensile testing was not 

an option to test weld meta. The best methods for determining the mechanical properties include hardness 

measurements and microtensile testing of the weld metal.  Thus, to specifically test the weld properties, 

microtensile testing was proposed.  As tensile bars were designed to fit the desired weld dimensions it 

was important to first check how the tensile bars agreed with ASTM standards. A comparison of 

reference materials tested as ASTM E8, ASTM E8M and microtensile bars was done to provide a 

correlation of micro scale testing to bulk properties.  
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Figure 3.13 Electron Beam weld top surface images after welding. (a) High nitrogen content Nitronic 

40 base metal, (b) Medium nitrogen content Nitronic 40 base metal and (c) Low nitrogen 
content Nitronic 40 stainless steel base metal.  

 

  
Figure 3.14 The electron beam weld profiles for welds produced on the low (right) and medium (left) 

nitrogen content base metals listed in Section 1.1.1.  The lower section is a Nitronic 40 
stainless steel backing plate required to prevent thermal stresses bending of the base 
metal during welding. 
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3.5.1 Vickers Microhardness Testing 

Vickers microhardness testing was done using a LECO MHT200 microhardness tester.  The 

microhardness tester was calibrated to a 250 HV standard with a 500 kgf load, with a 10 s dwell time to a 

value of 256.33 ± 2.39 at 95% confidence interval. The diagonal lengths for each indent were recorded 

and the average for each indent was used to convert the measurements to microhardness values. 

3.5.2 ASTM E8 and E8M Tensile Testing 

Standard tensile tests were performed on a screw-driven tensile frame using an 89 kN (20 kip) 

load cell, a 50.8 mm (2 in.) Shepic extensometer, at a strain rate of 10-2 s-1.  ASTM E8 and E8M tensile 

bars were machined from type 321 and 410 stainless steel sheets with thicknesses of 0.5 mm and 1.0 mm , 

respectively.  The tensile results are shown below in Figure 3.15, illustrating larger variations in the 

engineering stresses and strains. The 0.2% offset yield stress, ultimate tensile stress and elongation for the 

410 stainless steel was measured to be 270 MPa, 546 MPa, and 33%, respectively, for the standard E8 

tensile specimens and 280 MPa, 586 MPa, and 28% for the E8M subsize tensile specimens.  For the 321 

stainless steel the yield stress, ultimate tensile stress and elongation for the was measured to be 270 MPa, 

579MPa, and 50%, respectively, for the standard E8 tensile specimens and 269 MPa, 600 MPa, and 55% 

for the E8M subsize tensile specimens.  However, The true stress and strain curves are more consistent 

with small differences.  The differences are greater in the grade 410 stainless steels, but were within the 

range stated by the manufacturer. 

a.)   b.)     

Figure 3.15 (a) Engineering and true stress-strain curves for grade 321 stainless steels with E8 and 
E8M tensile bars.  (b) Engineering and true stress-strain curves for grade 410 stainless 
steels with E8 and E8M tensile bars.   

3.5.3 Microtensile Reference Testing 

Microtensile specimens were tested on two different tensile machines with similar test set-ups, 

one at Los Alamos National Laboratories, and a second at the Colorado School of Mines.  Details about 

each of the tensile systems can be found in Table 3.12.  All type 321 and 410 stainles steel specimens (E8, 

E8M, and micotensile bars) were tested orthogonal to the rolling direction of the plate  and in the as-
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machined condition. The type 321 and 410 stainless steel microtensiles were machined to the dimensions 

listed above in Table 3.6, where the grade 321 stainless steel had a thickness of 0.5 mm to simulate the 

vertical specimens and the type 410 stainless steel had a thickness of 1.0 mm to simulate the horizontal 

specimens extracted from the top and root sections of the weld. All type 321 and 410 stainless steel 

specimens (E8, E8M, & microtensiles) were machined with the longitudinal and through thickness plate 

directions orthogonal to gauge cross section.  The rolling direction of the plate was aligned parallel to the 

tensile axis. 

 

Table 3.11 - Tensile frame details for experiments done at Los Alamos National Laboratories and CSM.  

   CSM  Standard  Testing   CSM  Microtensile  
Testing  

LANL  Microtensile  
Testing  

Tensile  Specimens     E8  
E8M  

EBW  µμTensile  
LBW  µμTensiles  

LBW  µμTensiles  

Machine  Type   MTS  Alliance  RT/100    
Screw  Driven  

Mark  10  
Screw  Driven  

MTS  load  frame  
Hydraulics  Driven  

Load  Cell  Capacity  (lbf.)   20,000   400   500  
Strain  Rate  (s-‐1)   10-‐2   10-‐2   10-‐2  

Grips   Mechanical  Wedge  Grips   Inlay  grips   Inlay  grips  

3.6 Digital Image Correlation Strain Measurement  

The systems used for Digital Image Correlation (DIC), the speckle pattern application technique 

and the strain measurement technique will now be discussed.  Two different DIC systems were used to 

collect strain data one system at Los Alamos was used and another at the Colorado School of Mines.  

Details about these systems can be found in the Table 3.12.  A facet/subset size of 25 was used for all 

analysis with a step size of 13, unless otherwise stated.  In some instances, the LANL DIC system 

required different parameters due to paint delamination and pattern quality issues. 

 

Table 3.12 - DIC system details for systems used at LANL and CSM.  

   CSM  DIC  System   LANL  DIC  System  
Camera(s)  Resolution   2448  x  2050  pixels  (5MP)   1628  x  1236  pixels  (2MP)  

Focal  Length   80  mm   75mm  
Total  Field  of  View     12.4  mm  x  10.3  mm   8.2  mm  x  6.2  mm  

Tensile  Field  of  View  Width   320-‐380  pixels   200  pixels  
Angle  between  Cameras   43.8°   90°  

Extensometer   3D-‐DIC   2D-‐DIC  
Analysis  Software   ARAMIS   VIC  3D  

3.6.1 Digital Image Correlation Systems 

An image of the DIC system at Los Alamos National Laboratory and the tensile load frame is 

shown in Figure 3.16.  The set up consisted of two 2.0 Megapixel cameras, each with a 75 mm Pentax 



 60 

C7528M C-mount objective lens for zoom and focus on the microtensile gauge section.  Apertures were 

adjusted for even lighting at a setting of 2.8/f while lighting was provided by large fluorescent lamps that 

were known not to heat up specimens from past experiments154.  The cameras were set up at 90° to one 

another to investigate the orthogonal sides of the tensile bars during testing. 

 

  
Figure 3.16 LANL DIC set up illustrating the 616 hydraulic grips, inlaid microtensile grips and DIC 

cameras observing a front tensile face and an orthogonal face. Strain was also measured 
with an extensometer for comparison.  

 

The CSM DIC system was used as shown in Figure 3.17.  This system consists of two 5.0 

Megapixel cameras aligned at an angle of 43.8° with 50 mm objective lenses mounted with 30 mm 

extension tubes.  The camera apertures were closed to a setting of 2.8/f to try to compensate between 

increasing the depth of field within the image and receiving adequate light for imaging. The lighting 

sources were cross-polarized to provide even lighting on the microtensile specimen.  Cameras were 

focused on one face of the specimen; in both cases the cameras were fixed on the side of the microtensile 

specimen gauge section with the largest viewing area to provide the most accurate strain.  This system can 

provide three dimensional strain measurements while calibrated, though it was not used in these tests.  

The CSM system was calibrated to a standard 5 mm x 4 mm block with a calibration deviation of 0.017 

pixels which correlates to an ideal minimum strain accuracy of  0.02% strain in a 3.5 mm gauge section. 
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Figure 3.17 CSM DIC set up. (a) U-joint self-aligning inlay grips with sample held in place with 

small-machined bars. (b) Side view of system. (c) Front view of system.  

3.6.2 Specimen Patterning 

Two different methods of pattern application were used for the microtensile testing: the first 

technique using a spray paint canister and the second technique using an airbrush.  In both cases, the 

application technique required the application of the finest particulates ejected from the paint applicator 

which required the placement of the sample at the tail end of the spray cone ejected from the spray 

canister.  The larger particles fall off at earlier distances, which leave the finest particulates to deposit 

onto the surface.  For the speckle patterning of the surface, there are three desirable traits of the pattern: 

(1) a very fine particle size; (2) an evenly distributed random pattern; and (3) distinct contrast between 

light and dark particles.  A fine particle size, with even distribution increases the resolution for strain 

measurements by providing smaller and smaller speckle patterns for identification.  

To identify a displacement accuracy for a pattern, Equation 3.8 from Sutton144 can be used, which 

applies a relationship between the ratio of the image accuracy, β!, to the number of pixels in the image, N, 

to the desired object accuracy,  β!, and the minimum field of view, L, required for that accuracy.  This 
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formula assumes a square region of interest of N x N pixels and a square field of view L x L pixels.  

Example calculations for the LANL and CSM DIC systems can be found in Table 1.12. 

β! = β!
𝐿
𝑁

 3.8 

 

Table 3.13: Example Image accuracies and displacements for the LANL and CSM DIC systems. 

Set  Up  
Image  

Resolution  
(Pixels2)  

Image  
Accuracy  
(pixels)    

Desired  
Displacement  
Accuracy  

Max  Field  
Of  View  

Min.  
Speckle  
Size  

LANL  System   1236   0.01  px   3  µμm   3.7  mm   9  µμm  
LANL  System   1236   0.1  px   3  µμm   37  mm   0.9  µμm  
CSM  System   1944   0.01  px   3µμm   5.8  mm   9  µμm  
CSM  System   1944   0.1  px   3µμm   5.8  mm   0.9  µμm  

 

 

Figure 3.18 shows an example of the image quality measured on the microtensiles, with a 

patterning applied with the spray paint method, tested in the LANL tensile frame.  As the strain increases 

delamination of the paint from the tensile bar was found to occur.  During this process, the strain data in 

the area surrounding the portion of delamination no longer provides useful data.  It is advised if the spray 

paint method is used that the specimens are tested within a few hours of the paint application to prevent 

this phenomena.  Furthermore, another method to reduce delamination at high strains would be to use the 

acetone and ethanol application method with an airbrush pen prior to testing or to use the EDM surface 

pattern143 or the application of nanoparticles to the surface for measurements at high magnifications133. 

An example of the strain measurements done with the CSM tensile frame system is shown in 

Figure 3.19 where the red dots represent the extensometer endpoints, and the color gradient overlay 

represents strain in the vertical direction (σyy).  The tensile specimens in Figure 3.19 had their pattern 

applied with the second method, airbrush application of alumina and toner power, which shows a better 

adhesion to failure of the microtensile bar than the spray paint application.  One can see in the necked 

region that there is an increased strain, however the measurements are limited to outside of the necked 

region, decreasing the apertures could be used to increase the depth of field to measure strain in the gauge 

section. 



 63 

  

a.)   b.)   

 
c.)

  
Figure 3.18 Strain confidence interval maps for spray paint longitudinal strain measurements 

impaired by the delamination of the paint during testing. (a) Front view of a horizontal 
geometry specimen.  (b) Side view of same horizontal geometry specimen.  (c) Example 
paint delamination during testing. micron bars are 0.5 mm. 
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a.)   

  

b.)   

c.)     

Figure 3.19 Major strain measurements on specimens patterned with an airbrush with 5µm alumina 
and 12 µm black printer toner. (Top Left) Horizontal specimen.  (Top Right) Vertical 
specimen. (Bottom) Patterning on a specimen near failure. Micron bar is 1 mm. 
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3.6.3 Elongation Measurements for Microtensile Specimens 

Elongation measurements were made on all tensile specimens with a virtual extensometer applied 

to the patterning on the surface of the microtensile bars.  This method identifies two distinct regions as 

end points of a digital extensometer which are monitored during testing to provide strain measurements 

during testing.  The example below in Figure:3.20 illustrates two virtual extensometers, one of 4.4 mm 

length and another of a length of 3.3 mm.  For all tests in this work a virtual extensometer length of 3.5 

mm was used, 1 mm less than that of the fillet-to-fillet distance.  The points illustrated in Figure 3.19 

represent points that include the fillet region, thus the data measured with those points would not be used.  

The strain measurements were taken at the frame rate of the cameras, at an average frequency of 0.333 Hz 

in an effort to keep the number of images per data set below 300 images. 

  
Figure:3.20 Example of linear extensometers placed on a virtual specimen using the ARAMIS® 

software.  Two extensometers are placed on the right figure as labeled, which are 
measured over time as shown in the top left plot. The bottom left plot shows the DIC 
camera view of the specimen superimposed with the strain after 37s in the 60s tensile 
test. 

3.6.4 Tensile Load Data matching DIC Strain Data   

For testing strain data, an interpolation function was used to match DIC strain from time=0 to the 

moment of failure with the load frame time and load data.  This method provided a method for matching 

tensile frame load to DIC strain measurements. 
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The system at LANL correlated DIC strain image acquisition time with tensile frame load data 

which facilitated tensile curve measurement. The CSM system required strain to be measured separately 

from the DIC strain measurements. To provide stress-strain curves the strain data was interpolated as a 

function of time matched from the start of the tensile test to the time of failure to.  Differences between 

the load frame strain, and the DIC data can be seen Figure 3. which also shows the interpolation function 

for strain.  The interpolation function was then applied to match the tensile load frame data time. The load 

frame stress-strain, and the DIC interpolation stress-strain curve are shown in Figure 3.b.  The differences 

between the load frame curves and the interpolated curves are influenced by the location of the 

extensometer for the tensile frame and the DIC system.  The tensile frame includes all the strains located 

in the tensile bar, tensile grips, and in the tensile frame while the DIC extensometer only accounts for the 

strain in the gauge section.  As can be seen in Figure 3. the loading of the frame, and grips shows distinct 

increases in strain compared to the microtensile where no strain occurs until about seven seconds where 

the microtensile begins to deform. 

a.) b.)   
Figure 3.21 (Left) Frame extensometer (gray) compared to DIC(green) and the linear interpolation 

function as a function of time for the tensile test (orange) and (Right) difference in stress 
strain curves for the Frame data and linearly interpolated DIC strain data matched by time 
to the frame stress data.  

3.7 E8, E8M and Microtensile Specimen Comparison 

A comparison of the tensile data acquired via an ASTM E8 standard tensile testing of grade 321 

stainless steel and grade 410 stainless steel compared to acquired microtensile testing data can be found 

Figure 3.22.  The 0.2% offset yield stress, ultimate tensile stress and elongation for the 410 stainless steel 

horizontal microtensile was measured to be 323 MPa, 567 MPa, and 38%, respectively.  For the 321 

stainless steel vertical microtensiles, the yield stress, ultimate tensile stress and elongation for the was 

measured to be 270 MPa, 629 MPa, and 50%, respectively.  In Figure 3.22 it can be seen that the 

horizontal tensile bars and vertical tensile bars the strain curves illustrate an increased yield point, which 

could be explained due to the machining process work hardening the material prior to testing.  The effect 

of work hardening would be increased in the reduced gauge size of the microtensiles as a higher 

percentage of material could be deformed during machining compared to the standard tensile bars.   
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Figure 3.22 Comparison of microtensile data and ASTM E8 and E8M data for (left) 321 stainless 

steel microtensile specimens and (right) 410 stainless steel microtensiles (µT). 

Table  3.14  –  ASTM  E8,  E8M  and  Microtensile  Measured  Properties  

Horizontal  Geometry  
(Grade  410  SS)  

0.02%  Yield  
Stress  (MPa)  

Ultimate  
Tensile  

Strength  (MPa)  

Elastic  
Modulus  
(GPa)  

Elongation  

ASTM  E8  Standard  Tensile     270   546   256   33%  
ASTM  E8M  Sub-‐Size  Tensile     280   586   199   28%  
CSM*-‐LANL**  Microtensile   323   567   186   38%  
Manufacturer  Values   200-‐275   413-‐520   200   20-‐40%  

  

  

Vertical  Geometry  
(Grade  321  SS)  

0.02%  Yield  
Stress  (MPa)  

Ultimate  
Tensile  

Strength  (MPa)  

Elastic  
Modulus  
(GPa)  

Elongation  

ASTM  E8  Standard  Tensile     270   579   199   50%  
ASTM  E8M  Sub-‐size  Tensile     269   600   199   55%  
CSM*-‐LANL**  Microtensile   270   629   183   50%  
Manufacturer  Values   200   520   193   40%  

  

*LANL microtensile was tested at Los Alamos Laboratory on the MTS system. 
**CSM microtensile was tested at CSM on a Mark 10 system. 

 

Furthermore, Table 3.14 illustrates the small differences in mechanical properties measured using 

both techniques.  The results for yield strength for the horizontal specimens were 15% greater than the E8 

or E8M specimens, while the 321SS specimens were comparable to standard tensile bars.   The combined 

effect of the stress concentrator in the vertical specimens, and the cold working due to machining could 

lead to the measured yield being similar to the bulk specimens. The elongations and ultimate tensile 

strengths for both geometries showed good correlation to the larger scale specimens.  The elongation 

measured with DIC would be higher than the standard tensile bars, which is an artifact of a reduced gauge 

length accommodating the same amount of strain.  The 321 stainless steel was found to have a higher 

ultimate tensile strength than that of the 410 stainless steel while the yield strength of the 410 stainless 

steel was found to be. 
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3.8 Nitrogen Analysis of Steels 

Nitrogen analysis was performed on weldments using the LECO Nitrogen Determinator and 

furthermore, small coupons consisting of the top, middle and bottom sections as indicated in Figure 3.8c. 

The system was calibrated prior to every set of measurements, where a set of measurements was 

limited to 20 measurements, to a specimen containing 0.214 wt. pct. ± 0.004 wt. pct. nitrogen with a 95% 

confidence interval.  Specimens were cut with a slow cut saw with a diamond blade and cutting oil.  

Specimens were cleaned in methanol in an ultrasonic cleaning run/process of five minutes prior to 

nitrogen determination.  Specimens were tested from the weld specimens after tensile testing to obtain the 

nitrogen content in the tensile tested specimens. 

3.9 Ferritescope Measurements 

The ferrite content of the welds were measured using a Fisher Ferritscope MP3C with a three mm 

diameter concentric cylinder RMA422 probe.  The probe was calibrated with a calibrated block with 1.49 

vol. pct. ferrite with an average measurement of 1.51± 0.14 vol. pct. and at a 95% confidence interval.  

Weld measurements were done on both tensile gauge sections and tensile grip sections for the vertical 

microtensile specimens.  Thus, measurements were taken from the middle weld metal specimens to check 

for variation in measured ferrite content depending on measurement location as can be seen in 

Figure 3.23.  It was found that the measurements were very sensitive to the amount of material under the 

probe, and as such to ensure consistent measurements, all measurements were done in the center of the 

grip section of each weld tensile specimen tested as indicated in Figure 3.23.  Additionally, for the ferrite 

content measurements on the microtensiles specimens, the measurements must be corrected for the 

measured thickness of the material.  A correction factor of 1.2 was used with the 0.5 mm thick specimens 

while for the 1 mm thick specimens; a correction factor of 1.02 was used. 

 

     
Figure 3.23 Ferritescope measurements of ferrite content and a schematic of the ferrite probe in 

relation to the horizontal and vertical microtensile bars where  measurements were taken. 
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The values recorded for ferrite content in the weld metal determined with the ferritescope should 

only be used for relative comparison purposes as the 3mm diameter probe is too large compared to the 

weld dimensions.  All measurements from the base metal were below the sensitivity of the ferritescope, 

which matches well with the metallography of the base metal microstructure. 

3.10 Scanning Electron Microscopy and Electron Backscatter Diffraction Measurements 

Two different electron microscopes were used during this work: An Environmental Scanning 

Electron Microscope (ESEM) and a FEI Helios NanoLab 600i dual beam microscope equipped with an 

EDAX Hikari camera.  The ESEM was used for SEM imaging and fractography images, while the FEI 

Helios was used for Electron Backscatter Diffraction.  For the ESEM, a 5 keV accelerating voltage was 

used with a working distance varying between 10-15 mm.  For the FEI Helios system, EBSD scans were 

done on samples mounted to pin stubs on a sample holder at a tilt angle of 70°.  Patterns were collected 

using EDAX OIM DC 7.0 software.  A hexagonal grid was used for all scans with an excitation voltage 

of 20 keV and a current of 22 nA, with a working distance between 7 and 12 mm.  For EBSD pattern 

collection, a binning of 8 x 8 was used resulting in a frame collection rate of 385 fps.  From Monte Carlo 

Simulations for electron interaction volume, the smallest step size without overlap was estimated at 100 

nm. 

Scans for texture analysis within the weld were approximately 400 µm x 1000 µm with a step 

size of 0.4 µm, while scans for smaller areas were approximately 200 µm x 600µm or 100 µm x 300 µm 

with step sizes of 0.3 µm and 0.15 µm, respectively.  Data was initially collected to analyze only austenite 

for an increased data collection rate, then reprocessed later with ferrite and austenite.  Furthermore, data 

was then cleaned using a neighbor confidence index clean up algorithm. 

Samples were mounted such that the coordinate system in Figure 3.24 can be used.  The welding 

direction is normal to the surface of the pattern, while the heat affected zone (HAZ) direction and root 

directions are in the x and y directions, respectively. 

3.10.1 Surface Volume of Grain Boundaries per Unit Volume Characterization 

The important parameter to determine from the model predicted by Hansen is the surface volume 

of grain boundaries per unit volume of characterization (Sv).  This is the stereological measure of cell wall 

surface volume of grain boundaries per unit volume of characterization, which is typically measured with 

serial sectioning but unattainable in this project.  Instead, transverse cross sections of the welds at 0.5 

mm, 1.5 mm, and 2.5 mm depths from the top of the weld were imaged and characterized.  For this 

method, it was important that the data was cleaned to improve the quantity of both high angle grain 

boundaries and low angle grain boundaries. 

 



 70 

  
Figure 3.24 Reference orientations for welds loaded in Helios scanning electron microscope used for 

collection of EBSD patterns on the backscatter detector, the Tensile Axis (TA) is normal 
to the weld face while the top and edge locations will be indicated for all maps.  
Specimen removed from electron column to better illustrate components. 

Two upper limits for the critical misorientation angle for determination of high angle and low 

angle grain boundaries (3° and 15°) were measured.  The 3° was recommended by Hansen during his 

studies of multi-scale mechanical property determination of equiaxed microstructures, and 15° was 

chosen as it was recommended by Reed-Hill155 and Dieter102 for limiting low angle and high angle grain 

boundaries.  The lower limit of detection was chosen to be 1°, which is approximately twice that of the 

accuracy of EBSD of 0.5° 156.  At lower angles, artificial boundaries in a material can occur because its 

beyond the resolution of the software.  The grain boundary lengths per unit area of an EBSD scan of weld 

metal were measured from electron backscatter mapping done at 500x magnification with a 0.3 µm step 

size. 

To account for the interaction volume, a basic MonteCarlo simulation was done using a Single 

Scattering Monte Carlo Simulation software using an excitation voltage of 20 keV, an ideal iron base 

material, a tilt of 70°, and a backscatter efficiency of 59% (standard to the software).  The backscatter 

efficiency using the Equation 3.9 which can be modified using the rule of mixtures for an alloy using 

Equation 3.10157–159. 
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η = −0.0254 + 0.016 ∙ Z − 1.86 ∙ 10!!Z! + 8.3 ∙ 10!!Z!   3.9  
	  

η!""#$ = c!𝜂!
!

 3.10  
  

where Z is the atomic number, i denotes each alloying component, 𝜂! would be the pure element 

backscatter efficiency calculated in Equation 3.9 of an element and ci is the mass fraction of the pure 

element.  For a standard Nitronic  40 stainless steel the calculated  backscatter efficiency would be 27.5%.  

The computed results, with a backscatter efficiency of almost twice the calculated value, are in 

Figure 3.25, though the intensity values were not determined.  Using this method the total interaction 

depth was roughly estimated to be from 0.25 µm to 1 µm, while the scattering interaction diameter was 

roughly estimated between 0.5 µm and 2 µm as indicated by the diameter of the borders of the first and 

second region and the border of the second and third region illustrated in Figure 3.25. 

  
Figure 3.25 Example calculation of interaction volume of electrons in a stainless steel material tilted 

at 70° relative to the electron column assuming a backscatter coefficient of 59.85% and 
an excitation voltage of 20 keV. 

A second method for determining interaction depth was done by calculating the sampling depth 

of an electron beam using the Kanaya–Okaymama range  (RKO) equation described in Equation 3.11.  The 

depth of interaction for backscattered electrons is expressed as a function of acceleration voltage 

(E0=20keV), density (ρ=7.83 g/cm3) of the material, weighed atomic mass (A=54.97 g/mol), and weighed 

atomic number (Z=25.54). For Nitronic 40 stainless steel results in a calculated depth of 1.61µm, which is 

within the range of the approximations made in the Monte Carlo simulation.  
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R!" =
0.0276  𝐴  𝐸!!.!"

𝑍!.!" ∙ 𝜌
   3.11  

  
 

If a backscatter collection efficiency of 95% is assumed, it is possible to use the quadratic fit for 

cumulative backscatter depth as described by Goldstein160 : 

D/R!" = 0.333 − 0.00374 ∙   Z + 2.469 ∙ 10!! ∙ Z!   3.12  
  

 

where Z is the same as in equation 3.11.  The depth can then be approximated as 562 nm, which is on the 

lower range approximated with the MonteCarlo simulation.  
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CHAPTER 4:  EXPERIMENTAL DESIGN 

This chapter provides a brief review of the work to be done, separated by section.  It begins with 

a quick discussion of the microtensile testing and the microstructural characterization.  

4.1 Purpose of Project 

The initial goal of this investigation was to determine the role that nitrogen plays for mechanical 

properties of Nitronic 40 stainless steel laser weld metal and to compare that to the mechanical properties 

of similar welds made using electron beam welding.  It is well known that in these alloys nitrogen is both 

a solid solution strengthening element and a potent austenite stabilizer.  Nitrogen is also known to 

vaporize during high energy density welding, as previously discussed53,66,161.  The losses were thought to 

be on the order of 25%, which in turn should affect both strength and microstructural features within the 

weld.  This loss has been shown to be mitigated in select high nitrogen austenitic stainless steels with the 

use of a nitrogen shielding gas.  Furthermore, previous work has established that with laser welding of 

Nitronic 40 stainless steel a reduction of elasticity with no reduction of yield and tensile properties 

occurs35.  This impairment is thought to occur due to the heterogeneous nature of the weld joint15. 

To assess the differences between high energy density weld metal and the base metal, 

micromechanical testing is required, as in full penetration keyhole mode high energy density welds are 

typically on the order of one mm in width.  This methodology has very few standards and thus the 

specimen geometry, and preparation, and testing methods chosen must be carefully evaluated to ensure 

the accuracy of the recorded properties as discussed in Section 3.  The microstructures related to these 

regions in the top, middle and root of the welds were tested using a digital image correlation technique to 

ensure accurate strain measurements during testing. 

First, quantifying the total nitrogen losses is of great interest.  Second, the effectiveness of a 

nitrogen shielding gas compared to that of an argon shielding gas in preventing nitrogen loss is 

important.. Nitrogen is known to both strengthen grain boundaries and either reduce or increase stacking 

fault energy in austenite depending on the total nitrogen content of the alloy.   Similar full penetration 

welds were produced using both nitrogen and argon shielding gases.  These welds can then be compared 

to electron beam welds done in vacuum with the same heat input and cooling rates.  Moreover, this loss in 

nitrogen varies from the top of the weld to the bottom, thus nitrogen content analysis was done on 

extracted portions of the welds from the top, middle and root of welds. 
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4.2 Micromechanical Property Assessment 

Many studies have been conducted using non-standard microtensile testing geometries and 

mechanical set ups125,129,133. Traditionally, two different specimen geometries are used.  Cylindrical 

specimens are used for their ease of testing and lack of stress concentrators while dog-bone type 

specimens are used for a reduction of cost at the expense of potential stress concentrators.  Furthermore, 

with these nonstandard geometries, first reproducibility studies must be done to ensure quality of both 

geometry, and the testing system.  For this research microtensile testing of type 410 martensitic stainless 

steel, and a more ductile, type 321 stainless steel, were chosen.  Both accuracy and reproducibility of 

these materials were used to qualify the tensile geometries and tensile testing set up used for these 

experiments. 

4.2.1 Digital Image Correlation Measurements of Strain 

The use of Digital Image Correlation is required when testing such small specimens as the overall 

strain differences between standard crosshead extensometers include machine strain and tensile load 

frame elasticity and standard wheatstone bridge extensometers are too large.  Furthermore, even the use 

of microstrain gauges is too large in this case.  The accuracy of DIC is dependent on the optical system, 

speckle patterning of specimens, as well as any calibrations done which rely on the focus of the cameras.  

This method was used to provide a linear extensometer on each specimen during testing for increased 

accuracy, but which is dependent on the operator.  A brief study on different patterning techniques and 

methods for monitoring strain was conducted to gain an idea of the uncertainty associated with the 

mechanical testing ,these will be discussed in Chapter 6. 

4.3  Techniques for Assessing Microstructure 

Light optical microscopy, scanning electron microscopy and Electron BackScatter Diffraction 

(EBSD) techniques are used in this study to provide microstructural quantification of the weldments.  The 

high energy density weldments consisted of a fine equiaxed dendritic regions along the center of the 

welds and at the top of the weld as well as dendritic regions growing from the base material along the 

edges of the weld pool.   Both regions consist of austenite and either delta ferrite or alpha ferrite 

depending on the cooling rate and composition of the weld during solidification.  The high cooling rates 

during high energy density welding produces a very fine microstructure irrespective of location 

throughout the weld consisting of fine grains and sub grains.  The subgrains are separated by low angle 

grain boundaries, which will be measured using EBSD.  Light optical microscopy can identify sub-grain 

structures though the etching process that may affect the interpretation of measured grain sizes.  

Furthermore, light optical microscopy leads to a measured an increased ferrite fraction due to etching 
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while EBSD can be used to identify the sub-grains, but the ferrite fraction can be easily misinterpreted 

due to the complexity of the analysis required.  
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CHAPTER 5:  SHIELDING ENVIRONMENT EFFECTS IN WELD METAL  

In the previous chapters, the role of nitrogen in the high nitrogen stainless steels was discussed 

for both mechanical properties and also solidification structures in high energy density welding.  This 

chapter will discuss results from a high energy density welding study conducted in nitrogen and argon 

environments, calculated nitrogen losses at room temperature for Nitronic 40 alloy, and measured 

nitrogen losses in the laser and electron beam welds.  

5.1 Welding in Argon and Nitrogen Filled Enclosures 

Laser welding was done at out of focus condition by 0.02 mm above the specimen, due to a 

calibration error in the focal distance, in a glove bag as illustrated in Figure 3.10.  Specimens were 

removed from nine sections of the weld sand checked for porosity.   It was observed that the nitrogen 

environment prevented porosity in the middle weld region, whereas the argon shielding gas did not.  Root 

porosity was found to occur in both argon and nitrogen shielding gas in the root of the weld.  As 

discussed earlier in this document, the root porosity is known to occur at high depth to width ratio, though 

the mechanism is not well understood.  The middle section porosity is known to occur due to keyhole 

cavity collapses during welding leading to cold shut type behavior during welding.  It is thought that the 

nitrogen stabilizes the plasma in the keyhole preventing keyhole collapse. Examples of the porosity 

occurring in the weld metal can be seen in Figure 5.1.  

Looking at the weld microstructure, an austenite cap  was not observed in full penetration welds. 

all cases where full penetration was not achieved, an austenite cap was formed.  Additionally, in welds 

with nitrogen shielding gas, patches of austenite were found to occur higher up in the welds compared to 

the argon environment welds.  This observation is an indication of nitrogen pick up during welding in the 

top of the weld metal.  The gains were found to happen more at lower laser powers than at higher weld 

powers. 

Furthermore, the average depth and width of the welds, measuring weld depth from the lowest 

portion of the weld to the base metal surface, and weld width at first waist of the hourglass figure of the 

welds were measured.  While it is not apparent from the micrographs in Figure 5.1, nitrogen shielding 

promoted a slightly deeper depth of penetration while the width of the weld was more variable with the 

argon environment welds.  The width differences are most likely due to the weld depth not being 

measured at a specified distance from the top surface.  Variance in the depth of penetration could also be 

due to the stamped plate surface of the weld surface varying the absorbed laser energy during welding. 
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This study illustrated three important factors for laser welding including surface finish, welding 

environment, and focus.  All these factors can affect the weld quality and were corrected for the 

microtensile welds. 

           
Figure 5.1 (right) Laser welds done in an argon environment at 700 W and 900 W. (left) Laser welds 

done in a nitrogen environment at 700 W and 900 W. 

 

  
Figure 5.2 Depth and width of laser welds done at a travel speed of 12.5 mm/s out of focus 0.02 mm 

in argon and nitrogen shielding environments. 
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5.2 Calculated Nitrogen Losses Prior to Mechanical Testing  

The total trapped nitrogen contents were measured by placing gauge lengths of the microtensile 

bars extracted from the top, middle, and root of the laser welds into the LECO nitrogen determinator.  

Typical measurements of nitrogen content were done a month or so after the wire-EDM technique was 

used to machine the tensile bars, which was approximately one week after tensile testing.  For this reason, 

it is important to determine the nitrogen loss that could potentially happen due to diffusion, and also 

check the amount of nitrogen lost during the wire-EDM process. 

First, a look at the diffusible nitrogen in the austenitic welds was investigated.  A standard 

analytic solution of the diffusion Equation that applies for concentration independent diffusion in a semi-

infinite solid at a constant concentration, listed as Equation 5.1, was used to determine if any diffusible 

nitrogen would remain in the samples during testing.  The initial concentrations used were those of the 

base metals as indicated in Table 3.1, the values chosen for the diffusivity pre-exponential factor, D0, was 

10-2 cm2/s, room temperature was selected to be 298 K, and a diffusion activation energy, Qr, of 1.1 eV 

were used.  The activation energy was measured by Parascandola et. al. 162 for their modeling of diffusion 

of nitrogen in austenite. 

C x, t,T = C! 1 − erfc
x

2  D!e
!!!
!  !   t

   5.1  

Both the concentration based profile at the middle of the sample (x=1.5 cm) and the concentration 

profile to the middle of the profile Figure 5.3a and Figure 5.3b respectively show that if there was any 

diffusible nitrogen in the samples, they would be lost after two days.  The results show that the amount of 

diffusible hydrogen measured is below the accuracy of the inert gas fusion method used for nitrogen 

determination. 

a.) b.)   

Figure	  5.3	   (a)	  Diffusible	  nitrogen	  content	  profile	  in	  austenite	  at	  the	  middle	  of	  a	  1.5	  mm	  
thick	  bar	  (b)	  Diffusible	  nitrogen	  content	  profile	  for	  a	  base	  nitrogen	  content	  of	  0.31	  wt.	  pct.	  

nitrogen.	  
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Second, another potential source of nitrogen loss , the wire EDM process for machining, was 

investigated. The EDM process achieves temperatures high enough to vaporize the material to cut the 

metal at a very fine resolution, melting small parts of the specimen, from which nitrogen in the liquid 

could potentially vaporize.  A comparison of the base metal composition done by Tate44 of the bulk 

material, prior to any machining, with the microtensile bars can be seen in Table 1.1.  The losses in 

nitrogen were at most 0.01 wt. pct. with a 95% confidence interval. 

 

Table 5.1 – Comparison of wire-EDM Base Metal and Base Metal pre EDM 

ID   Wire-‐EDM  Machined  Tensile  Bar   Machined  Base  Plate  

  
Average  N  content  

(wt.  pct.)   95%CI   Average  N  content  
(wt.  pct.)  

High  Nitrogen   0.32   0.007   0.31  
Medium  Nitrogen   0.29   0.002   0.28  
Low  Nitrogen   0.23   0.002   0.23  

 

 

The overall nitrogen losses due to diffusible and vaporized nitrogen was determined to be 0.01 

wt. pct. at maximum accounting for both vaporization due to the machining process and to diffusible 

nitrogen loss. 

5.3 Measured Nitrogen Losses in Microtensile Bars 

Nitrogen contents were measured from the gage sections of microtensile bars after tensile testing.  

The time between tensile testing and nitrogen testing ranged from one week to two weeks. Since the time 

between machining and testing ranged from one month to multiple months, all diffusible nitrogen can be 

assumed to have left the microtensiles prior to testing, leaving behind only the trapped nitrogen in the 

microtensile specimens during testing and also for measurement. 

The average results for nitrogen content of the microtensiles are listed in Table 5.2, while the 

plotted values are illustrated in Figure 5.4-Figure 5.6.  In all cases, nitrogen vaporization is evident; the 

nitrogen content of the weld metal never exceeds the base metal nitrogen content.  There was little to no 

nitrogen absorption during laser or electron beam welding.  Nitrogen losses in the top of the welds were 

consistently higher in the top and middle sections of the weld compared to the root of the weld.  The 

nitrogen shielding gas appeared to be ineffective in preventing nitrogen losses. Furthermore, the nitrogen 

contents in the electron beam weld metal vary at most 0.03 wt. percent compared to the laser weld metal. 

Nitrogen losses in the top weld metal were greater than at the root weld metal contents.  The 

losses in top weld metal of the argon-shielded were approximately ranged from 16-21%.  Comparable 

losses of 14-20% base metal nitrogen was observed in the nitrogen-shielded top laser weld metal while 

increased losses of 19-25% were observed in the top weld metal of electron beam welds. 
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Table 5.2 – Nitrogen contents of weld metal extracted from both laser and electron beam welds from base 
metals with 0.31, 0.28 and 0.24 wt. pct. nitrogen.   All values are in wt. pct. 

	   	   0.31	  N	  wt.	  pct.	  N	  
	  Base	  Metal	  

0.28	  N	  wt.	  pct.	  N	  	  
Base	  Metal	  

0.24	  N	  wt.	  pct.	  N	  
	  Base	  Metal	  

Weld	  
Conditio

n	  

Extracte
d	  

Location	  

Weld	  
Metal	  N	  
Content	  

N	  loss	  
(%)	  

Weld	  
Metal	  N	  
Content	  

N	  loss	  
(%)	  

Weld	  
Metal	  N	  
Content	  

N	  loss	  
(%)	  

LBW	  
Argon	  
Shield	  

Top	   0.252	   19%	   0.236	   16%	   0.189	   21%	  
Mid	   0.267	   14%	   0.237	   15%	   0.204	   15%	  
Root	   0.267	   14%	   0.248	   11%	   0.215	   10%	  

LBW	  
Nitrogen	  
Shield	  

Top	   0.266	   14%	   0.234	   16%	   0.192	   20%	  
Mid	   0.260	   16%	   0.240	   14%	   0.205	   15%	  
Root	   0.278	   10%	   0.268	   4%	   0.205	   15%	  

Electron	  
Beam	  

Top	   0.251	   19%	   0.211	   25%	   0.182	   24%	  
Mid	   0.259	   16%	   0.239	   15%	   0.184	   23%	  
Root	   0.265	   15%	   0.250	   11%	   0.199	   17%	  

*95%CI Error in measurements 0.01 wt. pct.. 

Nitrogen losses in the root weld metal were greater than at the root weld metal contents.  The 

losses in root weld metal of the argon-shielded were approximately ranged from 10-14%.  Lesser losses 

of 3-15% base metal nitrogen was observed in the nitrogen-shielded root laser weld metal while increased 

losses of 11-17% were observed in the root weld metal of electron beam welds. 

5.3.1 Nitrogen Transport During Welding 

A schematic of a keyhole weld pool is shown in Figure 5.7, which consists of a metallic plasma 

(A),the weld pool (B), and a keyhole (C).  The top of the weld pool remains liquid longer at the top (B) of 

the weld compared to the root of the weld (D).  The more time the liquid can be exposed to an atmosphere 

the more absorption and desorption can occur.  As the laser travels through the weld, the keyhole 

established(C) consists of metallic plasma surrounded by liquid weld metal that is flowing from the top to 

the bottom of the weld or the bottom to the top of the weld, depending on the surface tension of the liquid 

surface of the weld.  The main absorption of nitrogen occurs due to the activity of nitrogen in the plasma 

in the keyhole (C) and above the weld (A) and the weld metal. Nitrogen can also be absorbed at the top 

surface of the weld near B on the diagram..    However, the aforementioned differences in laser beam 

wavelengths influence the plasma temperature.  As Kokawa74 observed the reduced wavelength of YAG 

lasers produces a lower temperature plasma, below the dissociation temperature of nitrogen, which does 

not contain monatomic nitrogen for absorption into the weld pool.  The similar wavelength of the 

Ytterbium doped fiber laser used in these experiments is close to that of YAG lasers, thus the same lower 

plasma temperature prevented the absorption of nitrogen intended with this experiment. 



 81 

.   
Figure 5.4 Nitrogen contents for the different welding conditions for the 0.31 wt. pct. nitrogen base 

metal condition. 

 

.     
Figure 5.5 Nitrogen contents for the different welding conditions for the 0.28 wt. pct. nitrogen base 

metal condition. 

.   

Figure 5.6 Nitrogen contents for the different welding conditions for the 0.24 wt. pct.  nitrogen base 
metal condition. 
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.     

Figure 5.7 Schematic of a keyhole-type high energy density weld consisting of (A) a metallic 
plasma, (B) the weld pool, (C) the keyhole. 

The three step process for vaporization proposed suggested by Collur for arc welding processes 

includes (1) transport from the interior of the weld to the surface—which is dependent on the fluid motion 

of the weld pool, (2) vaporization of the surface—which is dependent on the surface temperature 

distribution, local concentration profiles, and surface coverage by surface active elements and (3) 

transport away from the wed pool surface into the bulk gas—which is dependent on the boundary layer 

and the diffusivities of the vaporized species68.  However, the total amount of vaporized species is also 

limited by the total time that the material is in the liquid phase. 

It has already been observed that in high energy density welding that most vaporization occurs 

from the top of the weld pool during welding.  Furthermore, the increased vapor pressure inside the 

keyhole prevents vaporization occurring in the middle or root of the weld.  However, with full penetration 

welding the nitrogen losses at the very root of the weld pool could also act as a source for nitrogen 

absorption or desorption.  

The observed losses in these experiments further corroborate with the theory for nitrogen 

desorption occurring from the top portion of the weld pool.  In the case of electron beam welding the 

vacuum required for electron beam welding increases the manganese and nitrogen vapor pressures 

encouraging more vaporization to occur from the weld pool.  The small difference in nitrogen content 

found between high energy density weldments  could be explained by a fluid flow from the root of the 

weld to the top of the weld.  The nitrogen in solution in the root of the weld pool acts as a source of 
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nitrogen for the top and middle of the weld metal, which compensates for nitrogen vaporization at the 

expense of the root of the weld.  As the travel speed increases, the weld pool dwell time reduces and there 

is less time for fluid flow to occur which will further reduces the nitrogen losses. 

5.4 Summary 

• The nitrogen shielding gas was found to prevent macroporosity in the laser welds. 

• Measured nitrogen in the microtensile bars is trapped nitrogen.  The time scale between welding and 

mechanical testing was adequate for diffusible nitrogen to escape. 

• The EDM process at most removed 0.01 wt. pct. nitrogen from the base metal. 

• The nitrogen shielding gas did not appear to play a large role in decreasing the nitrogen losses, which 

illustrates similar behavior of fiber laser welding to YAG welding work done by Kokawa74. 

• With fiber laser welding, at the selected travel speed and power, there was very little if any absorption 

of nitrogen into the weld pool from the shielding gas. 

• Comparing the differences in base metal compared to the nitrogen losses, it would be safe to assume 

that 0.05 wt. pct. nitrogen is lost during laser welding processes, while the losses in electron beam 

welding only increases those losses by 0.01 wt. pct.   
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CHAPTER 6:  MECHANICAL PROPERTIES RESULTS 

Based on the Equations in Chapter 2 and the measured nitrogen losses in Chapter 5, losses in 

strength are expected to occur in the weld metal.  However, compared to the as-received material, the 

weld metal could have a refined microstructure, which should compensate for some of the strength lost 

due to nitrogen loss.  This chapter will focus on hardness results, microtensile mechanical properties and 

the fracture surfaces to explain mechanical behavior  of the high energy density weld metal. 

Hardness transverses were taken across the welds to determine if any large differences in 

mechanical properties between the regions were to be expected.  Micromechanical testing was performed 

on two geometries of microtensile bars removed from the top, middle, and root of  the laser and electron 

beam weldments. These bars were extracted in 1mm thick sections from the 3mm full penetration weld 

metal.  The vertical geometry specimens were machined in a different geometry so that metallography of 

the entire weld could be done post testing.  Tensile data was plotted using the procedure outlined in 

Section 3.6.4.  Yield and ultimate tensile strengths were determined as well as elongation, strain 

hardening rate, and strain hardening exponents.  Finally, nitrogen solid solution strengthening effects 

were investigated for argon-shielded, nitrogen-shielded, and electron beam welded conditions, and the 

fracture surfaces of the failed specimens were investigated to check for any inconsistencies in tensile 

behavior. 

6.1 Hardness Profiles of High Energy Density Welds 

Through thickness and transverse hardness profiles for the laser beam welds with argon and 

nitrogen shielding gases were measured as illustrated in Figure 6.1.  As can be seen in this figure, the 

hardness of the profiles does not linearly increase from top to bottom.   Figure 6.2 shows through 

thickness hardness profiles for laser welds done on the high, medium and low base metals for argon-

shielded welds and nitrogen-shielded welds.  The only consistent trend seen in the through thickness 

welds is the distinct increase in hardness at the root of the weld compared to the top of the weld.  

Hardness in the weld metal increased to 280-300 HVN in both shielding gas cases.  The rest of the weld 

hardness appears to be relatively consistent between 240 and 260HVN.  It is unclear why the low nitrogen 

base metal, welded in argon, achieved the highest hardness measurements, though it could be due to a 

difference in microstructure seen in the next chapter.  

Larger differences were measured in hardness transverses across the weld as shown in Figure 6.3-

Figure 6.5, where variations of up to 60 HVN between the base metal and the weld metal.  Measurements 

for the average hardness values for the center weld metal, heat affected zone, and base metal can be found 

in Table 6.1 while micrographs of the hardness values superimposed can be found in Appendix A. 
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Figure 6.1 Hardness transverses across weldments at four different depths for the low nitrogen base 

metal case welded with argon shielding gas.  

  
Figure 6.2 (Left) Through thickness hardness profile, all points are along the centerline of the weld 

in the background.  (Right) Through thickness hardness profile for nitrogen-shielded laser 
weld along centerline of the weld. 

  
Figure 6.3 Hardness transverses across weldments at four different depths for the high nitrogen base 

metal case.  (Left)Argon-shielded.  (Right) Nitrogen-shielded. 
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Figure 6.4 Hardness transverses across weldments at four different depths for the medium nitrogen 

base metal case.  (Left)Argon-shielded.  (Right) Nitrogen-shielded. 

 

  
Figure 6.5 Hardness transverses across weldments at four different depths for the low nitrogen base 

metal case.  (Left)Argon-shielded.  (Right) Nitrogen-shielded. 

 

Table 6.1 – Averaged hardness values for points along the centerline of the weld (Center), the points 
between the edge of the weld and the HAZ (Edge) and the points that are directly next to the weld (HAZ). 

Argon Shield 
Hardness (HVN) 

High N LBW Medium N LBW Low N LBW 

Center Edge HAZ Center Edge HAZ Center Edge HAZ 

0.5 mm  239.4 231.6 235.2 254.4 252.2 250.8 233.3 240.2 233.7 
1.5 mm 252.2 252.0 244.1 260.7 258.7 239.7 256.7 248.6 242.2 
2.5 mm 241.7 238.3 235.3 250.5 253.9 241.5 246.7 241.8 218.4 

 

Nitrogen Shield 
Hardness Values 

(HVN) 

High N LBW Medium N LBW Low N LBW 

Center Edge HAZ Center Edge HAZ Center Edge HAZ 

0. 5 mm 244.6 241.9 239.4 249.7 257.7 249.5 252.2 249.6 247.5 
1.5 mm 245.9 259.7 245.3 250.0 254.3 246.5 252.4 253.4 254.3 
2.5 mm 244.6 237.5 234.1 256.4 255.0 244.6 254.7 252.7 227.4 

*95% confidence intervals are 5 HVN. Combined uncertainty from standard and std. dev. is 5%. 
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The heat-affected-zones (HAZ) have slightly lower hardness than the center of the weld and small 

differences can be seen between the argon-shielded welds and the nitrogen-shielded welds.  In the argon-

shielded laser welds, the hardness at a depth of 1.5 mm in the center is consistently the hardest part of the 

weld.  At depths of 0.5 mm and 2.5 mm from the surface, the hardness readings are close to one another 

in the high nitrogen case, and vary in the low nitrogen case.  The hardness of the heat affected zone 

remains below that of the weld.  However, since the HAZ is very narrow, at the order of the hardness 

indentations, readings could include material outside the heat affected zones.  In the case of the nitrogen-

shielded welds, no difference in hardness could be observed between the center and edge in the root of the 

weld, though higher hardness differences occur more in the top and center of the welds. 

The highest hardness in the weld transverses were found at the lowest sections of the weld, as can 

be seen in Figure 6.5a. However, it must be noted that the hardness measurements were done on a 

multiphase microstructures, not solely austenite. However, from the nitrogen-shielded welds exhibited 

more consistent hardness than in the argon-shielded welds.   

6.2 Microtensile Testing Results 

The effects of nitrogen on the yield stress of HNASS were shown in Figures 2.17 and 2.18.  The 

ultimate tensile strength and yield strengths were shown to increase as the nitrogen content increases.  

Nitrogen increases the strength of the steel via interactions with dislocations and interstitial-substitutional 

complexes described in Chapter 2.  Furthermore, for reference according to the prior E8 tensile testing by 

other researchers, the yield strengths were in the range of 400-600 MPa35. 

Tensile bars were removed from 1 mm sections from a 3mm thick laser or electron beam weld 

from the top, middle, and root 1 mm of the weld.  All microtensiles bars had a gauge area of 

approximately 0.5 mm2 though two geometries of microtensile bars were tested as were indicated in the 

experimental section.   It was found that a large proportion of the vertical microtensile specimens failed at 

one of the fillets for the as can be seen in Figure 6.6.   

The results for vertical microtensile—the base metal and middle weld metal—are plotted 

separately from the horizontal microtensiles.  The vertical microtensile values are plotted as unadjusted 

values, which were affected by stress concentrators.  Furthermore, the middle weld metal and base metal 

microtensile specimens experienced large variations in yield properties, sometimes on the order of 100 

MPa—though not as much in the base metal.  The ultimate tensile strengths varied less than the yield 

strengths, only between 20-30 MPa.  However, using the DIC system strain measured in the gauge 

sections appeared to be accurately measured despite the stress concentration.  Finally, only small 

differences were observed between the tests conducted at Los Alamos and CSM.  All reported values are 
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the average of three to five of specimens.  Pre-mature failed specimen data that was most likely affected 

by weld defects were excluded.  All reported errors represent 95% confidence interval (σ95%,, k =2). 

6.3 Base Metal Microtensile Testing Results 

 

  
  

Figure 6.6 Tensile bar failure locations percentages as determined with microtensile specimens. 

 

Figure 6.7 shows duplicate stress-strain curves for all the base material microtensile specimens 

tested using the LANL microtensile testing system.  All tests were conducted at room temperature (23°C) 

at a constant strain rate of 0.01 s-1.  For the low-end nitrogen content of 0.23 wt. pct., the average yield 

strength was 383 MPa ± 22 MPa, with a total elongation of 49% ± 2%, and an ultimate tensile strength of 

703 MPa ± 31 MPa.  The medium nitrogen content of 0.28 wt. pct. had an average yield strength of 426 

MPa± 8 MPa with an elongation of 43% ± 2%, and an ultimate tensile strength of 706 MPa ± 15 MPa.  

The high nitrogen base metal, with a 0.31 wt. pct. nitrogen, had an average yield strength of 431 MPa ± 

17 MPa, an elongation of 46% ± 2%, and an ultimate tensile strength of 752 MPa ± 15 MPa.  The clear 

trend of increased strength with increased nitrogen content and can be seen in the tensile curves in 

Figure 6.7 or in the average values illustrated in Figure 6.8.   
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Figure 6.7 Engineering stress-strain curves for base metal microtensile material strained at a 

constant strain rate of 0.01 s-1 at room temperature. Nitrogen contents are indicated in 
each plot. All specimens tested using the LANL DIC system, described in Section 3.5.  

 

  
Figure 6.8 (a.) Yield strength and ultimate tensile strength as a function of base metal nitrogen 

content of microtensiles tested at room temperature at a strain rate of 0.01s-1.  

 

As shown in Figure 6.8, the base metal yield strength and ultimate tensile strengths are 

comparable to measurements done by other authors on Nitronic 40 with standard tensile testing 

techniques.  Examining the predictive models for determining the mechanical properties of the base 

metal, Irvine’s equation would predict the base metal mechanical properties if the grain size were 2 µm.  
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The measured equiaxed grain size was measured to be at least 50 µm.  The equation by Rawers17, which 

only predicts strength using chemical information, overestimates the yield strength measured with the 

base metal.  It is apparent that these models are not accurate for predicting the behavior of Nitronic 40 

alloys.  However, the nitrogen solid solution strengthening coefficients used in the Irvine equations 

appear to be at the right order  with what occurs in the measured metals, grain size may be the main 

determining factor in this case. 

Examining the base metal elongation, small differences at a maximum of 3% increase in the 

elongation was observed in the low nitrogen microtensile specimens compared to the high nitrogen 

microtensile specimens.  The medium nitrogen content appears to have the lowest elongation at 0.43, as 

shown Figure 6.9.  It is unclear why the medium nitrogen content base metal has a lower elongation 

compared to the other alloys. 

  
Figure 6.9 Elongation as a function of nitrogen content for base metal microtensile specimens. 

 

Examples of plots used to determine the strain hardening exponent and the true stress at final 

uniform elongation are shown in Figure 6.10.  Small difference between the low, medium and high 

nitrogen strain hardening exponents were found, and the calculated strain hardening exponents, assuming 

a Holloman type strain hardening model, were calculated to be 0.25, 0.24 and 0.26, respectively.  The true 

stress at ultimate tensile stress was also calculated using a Considere’s construction, though the 

differences between engineering stress and true stress at final elongation were less than one percent.  The 

average measured values for the Holloman strain hardening exponent and the true stress at necking for all 
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the base metal specimens can be found in column 8 and 5 of Table 6.2, respectively. An increase in the 

strain hardening rate was observed as can be seen in column 9 of Table 6.2, though this was not further 

explored. 

 

a.)   b.)     
Figure 6.10 (a.) Strain hardening exponent determination log-log plot of true stress and true strain 

(gray) used to predicted in red. The fit residuals for the predicted Holloman strain 
hardening model are plotted in the inset graph. (b.) Plot of superimposed true stress-true 
strain (red) and true stress-engineering strain (blue) used for the Considere’s construction 
to determine the true stress at final uniform elongation.  Both plots (a & b) are for low 
nitrogen base metal microtensile specimens tested at room temperature at a strain rate of 
0.01s-1.   

 

Table 6.2 – Base metal microtensile mechanical properties for Nitronic 40 stainless steels. Yield Strengths 
(YS), Ultimate Tensile Strengths (UTS) and Strain Hardening Rates (SHR) are indicated as measured for 

either true or engineering stress strain in parenthesis. 

Base  Metal  
Properties  

0.2%  
YS  

(eng)  

0.5%  
YS  

(eng)  

SUTS  
(eng)  

σnecking  
(true)  

eUTS  
(eng)  

etotal  
(eng)   Holloman  

Strain  
Hardening  
Exponent  

SHR  
(True)  

    
MPa   MPa   MPa   MPa   mm/mm   mm/mm   MPa/  

mm/mm  Number  of  samples  
in  parenthesis    
High  

Nitrogen  
Base  Metal  

(6)  

Mean   431   459   752     753   0.37   0.46   0.25     1857  

σ95%   17   14   6     17   0.01   0.02     0.004   24  

Medium  
Nitrogen  
Base  Metal  

(4)  

Mean   426   445   706     707   0.34   0.43     0.24   1640  

σ95%   8   11   8     7   0.03   0.02   0.01   198  

Low  
Nitrogen  
Base  Metal  

(5)  

Mean   383   414   703     698   0.41   0.49     0.26   1693  

σ95%   22   20   14     30   0.02   0.02     0.004   88  
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The base metal for the experiments done by Philhagen35 was similar to the high nitrogen content 

sample in chemistry, 0.32 wt. pct. compared to 0.31 wt. pct., the yield and ultimate tensile properties vary 

by less than 30 MPa, and the elongation varied by one percent. Philhagen did not give any descriptions of 

the geometry of the tensile geometry used.  The comparison with Philhagen’s data supports that the 

microtensile bar measurements were within 30 MPa (six percent) of measurements done on, what most 

likely could be assumed to be ASTM E8 standard tensile bars.  Philhagen reported that the yield strength 

was 460 MPa, a total elongation of 47% and an ultimate tensile strength of 810 MPa.  The increased 

strength is most likely due to the smaller average grain diameter which was 13 µm compared to the 50 

µm in the measured microtensile bars.  A combination of issues may have lead to the relatively similar 

elongation between that of Philhagen and the current results.  A stress concentrator in the specimens 

would reduce the overall elongation, however the DIC system is known to increase the strain 

measurements thus, the overall effect appears to be matching that of Philhagen. 

6.4 Argon-Shielded Laser Weld Microtensile Testing Results 

The microtensile stress-strain curves for the argon-shielded laser weld metal microtensile material 

tested at room temperature at a constant strain rate of 0.01s-1 is shown in Figure 6.11 for the top, middle 

and root weld metal for the high nitrogen base material, and in Figure 6.12 and Figure 6.13 for the 

medium and low nitrogen base material welds respectively.  In each figure there is an increase in the 

ductility compared to the base metal specimens for the top and root specimens, which could be an artifact 

of the differences in geometry between the bars.  However, when comparing the middle weld microtensile 

specimens with the base metal microtensile bars, of the same geometry, in some cases the weld metal is 

stronger than the base metal and in others is weaker.  This observation was confirmed to be due to either 

weaker test specimens containing both weld metal and base metal, most likely due to bending during the 

EDM process.  Additionally, premature failure was found to occur due to porosity in the weldments 

through examination of the microtensile fracture surfaces. 

The average values for all the argon-shielded laser weld metal specimens, excluding any 

premature failure values, can be found in Table 6.3, while the corresponding tensile curves are shown in 

Figures 7.6-8.  Tensile bars tested at LANL are plotted will filled plot markers while CSM tensile curves 

have outlined markers.  The LANL microtensile specimens indicate higher strengths than the 

measurements done at CSM.  Note however that the load cells were calibrated within six months of the 

tensile testing at LANL and one month at CSM.  Furthermore, the CSM load cell has a higher resolution 

than that of the LANL load cell, which could account for some of the differences.  The averaged values in 

Table 6.3 are from testing conducted at both locations. 
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Table 6.3 – Argon-shielded laser weld metal microtensile mechanical properties for Nitronic 40 Stainless 
Steels. Yield Strengths (YS), Ultimate Tensile Strengths (UTS) and Strain Hardening Rates (SHR) are 

indicated as measured for either true or engineering stress strain in parenthesis. 

Argon-shielded Laser Beam 
Welded Samples 

0.2%	  
YS	  

(eng)	  

0.5%	  
YS	  

(eng)	  

SUTS	  
(eng) 

eUTS	  
(eng)	  

etotal	  
(eng)	  

SHR	  
(True)	   Holloman	  

Strain	  
Hardening	  
Exponent	  

  
MPa MPa MPa mm/mm mm/mm MPa per 

mm/mm Number of samples in 
parenthesis  

High 
Nitrogen, Top 

of Weld (6) 

Mean 528 550 801 0.36 0.54 1687  0.22 

σ95% 19 12 13 0.02 0.03 31  0.01 

High 
Nitrogen, 
Middle of 
Weld (5) 

Mean 519 526 772 0.30 0.41 1749  0.20 

σ95% 41 40 38 0.02 0.05 141  0.01 

High 
Nitrogen, 

Root of Weld 
(6)  

Mean 541 564 817 0.37 0.57 1671  0.22 

σ95% 23 20 16 0.02 0.03 21  0.01 

Medium 
Nitrogen, Top 

of Weld (3) 

Mean 517 539 782 0.34 0.57 1618  0.21 

σ95% 3 4 9 0.00 0.04 84  0.003 

Medium 
Nitrogen, 
Middle of 
Weld (5) 

Mean 485 518 731 0.27 0.36 1713 0.19  

σ95% 26 26 29 0.06 0.11 132  0.02 

Medium 
Nitrogen, 

Root of Weld 
(3) 

Mean 527 552 797 0.36 0.57 1672  0.22 

σ95% 14 13 13 0.03 0.06 69  0.01 

Low Nitrogen, 
Top of Weld 

(6) 

Mean 496 524 779 0.37 0.50 1698  0.22 

σ95% 19 15 12 0.01 0.04 24  0.01 

Low Nitrogen, 
Middle of 
Weld (6) 

Mean 466 518 746 0.33 0.42 1776  0.22 

σ95% 57 37 33 0.03 0.07 145  0.01 

Low Nitrogen, 
Root of Weld 

(6) 

Mean 506 530 779 0.34 0.49 1713  0.22 

σ95% 20 21 16 0.07 0.13 117  0.02 
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6.4.1 High Nitrogen Base Metal, Argon-shielded Laser Weld Metal Results 

The engineering stress-strain curves in Figure 6.11, the differences between the two tensile 

testing systems LANL and CSM can be seen as previously mentioned.  Similar tensile curves were 

measured using both the LANL and CSM systems, though higher stress measurements were consistently 

made at LANL as can be seen in Figure 6.11a and c.  The differences in stress on the order of 20-50 MPa, 

it is unclear what the cause for the discrepancies between the two systems is. 

The average UTS for the top of the weld was found to be 801 MPa compared to 817 MPa at the 

root of the weld.  Yield strengths of 528 MPa for the top were less than that of the root, which was 

measured at 541 MPa.  And finally the elongation for the root was found to be higher than the top of the 

weld at 57% compared to 54%.  The middle of the weld was measured to have a UTS of 757 MPa, a yield 

strength of 503 MPa, and a total elongation of 41%.  The middle microtensile specimens had an increase 

of 70 MPa for yield strength, equivalent ultimate tensile strength and a reduction in elongation of 0.05 

mm/mm compared to the base metal.  The strain hardening exponent was measured to be consistent with 

all other specimens at 0.21. 

From Figure 6.11 (a), (b), and (c) it is possible to conclude that the microtensile specimens 

exhibited similar behavior in both the tests at LANL and at CSM.  One test in (b) appears to be different 

than the others in the high nitrogen middle specimens from CSM as indicated with an arrow.  The 

specimen has a higher yield point, less elongation and similar UTS which is explained by prior cold work 

in the specimen.  Accidental prestraining of the tensile bar prior to testing was the cause.  From the test 

UTS data can still be captured, though not the total elongation or yield stress.  The distinct difference 

between the geometries can be seen in (d) where the ultimate tensile stresses for the middle microtensile 

specimens are lower, as is the total elongation. 

6.4.2 Medium Nitrogen Base Metal, Argon-shielded Laser Weld Metal Results 

The engineering stress-strain curves for the medium nitrogen base metal, argon-shielded laser 

welds are shown in Figure 6.12.  The average UTS for the top of the weld was found to be 782 MPa 

compared to 797 MPa at the root of the weld.  Yield strengths of 517 MPa for the top were less than that 

of the root, which was measured at 527 MPa.  The elongation for the root was found to be equal to the top 

of the weld at 57%.  The middle of the weld was measured to have a UTS of 731 MPa, a yield strength of 

485 MPa, and a total elongation of 36%.  The average increase compared to the base metal for yield 

strength was 60 MPa, ultimate tensile strength increased by 30 MPa, and the elongation reduced by 0.07 

mm/mm, compared to the base metal for the middle specimens.  The strain hardening exponent was 

measured to be consistent with all other specimens at 0.21. 
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a.) b.)

c.) d.)   
Figure 6.11 Engineering stress-strain curves for the high nitrogen content base metal, argon-shielded 

laser weld metal microtensile material strained at a constant strain rate of 0.01 s-1 at room 
temperature, using both set ups described in Section 3.5. for the (a) top, (b) middle, (c) 
root and (d) a comparison of all tests using the CSM system. 

 

All top and root specimens were tested at CSM.  The corresponding samples for testing at LANL 

were destroyed during machining.  From Figure 6.12b, a comparison of the specimens tested at LANL 

show premature failure occurring in all specimens which was due to porosity found to occur on the 

specimen surface.  A large variation in the overall root elongation can be seen in Figure 6.12c.  It is 

believed that this is due to the tensile bar gauge length not being entirely weld metal—the variation in 

depth during welding could have contributed to the difference. 

6.4.3 Low Nitrogen Base Metal, Argon-shielded Laser Weld Metal Results 

The engineering stress-strain curves for the low nitrogen, argon-shielded laser weld metal are 

plotted in Figure 6.13.  The average UTS for the top and root of the weld was found to be 779 MPa.  

Yield strengths of 496 MPa for the top specimens were less than that of the root, which was measured at 

506 MPa.  The elongation for the root was found to be greater than the top of the weld which were 

measured as 0.50 and 0.53 mm/mm, respectively.  The middle of the weld was measured to have a UTS 

of 746 MPa, a yield strength of 482 MPa, and a total elongation of 0.39 mm/mm.  The middle 

microtensile bars had an increase of 100 MPa for yield strength, a higher ultimate tensile strength by 40  
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a.) b.)

c.) d.)   
Figure 6.12 Engineering stress-strain curves for argon-shielded laser weld metal microtensile material 

from the medium nitrogen content base metal.  Specimens were strained at a constant 
strain rate of 0.01 s-1 at room temperature, using systems described in Section 3.5.  For 
the (a) top, (b) middle, (c) root  and (d) a comparison of all tests using the CSM system. 

  
Figure 6.13 Engineering stress-strain curves for low nitrogen content base metal, argon-shielded laser 

weld metal microtensile material strained at a constant strain rate of 0.01 s-1 at room 
temperature, using both set ups described in Section 3.5 for the (a) top, (b) middle, (c) 
root  and (d) a comparison of all tests using the CSM system. 
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MPa and a reduction in elongation of 0.02 mm/mm compared to the base metal.  The strain hardening 

exponent was measured to be consistent with all other specimens at 0.21. 

6.4.4 Comparison of Argon-shielded Laser Weld Metal  

Yield strengths as a function of nitrogen content within the weld metal is plotted for all the argon-

shielded weld metal in Figure 6.14a and b while the elongations are plotted in Figure 6.14c and d.  While 

the quantitative yield strengths between the base metal and the top and root weld metal are not directly 

comparable, they are plotted together for qualitative purposes.  The calculated results from the predictive 

equations by Rawers and Irvine are shown to not correlate well to the measured properties, especially at 

lower nitrogen contents.  In the case of the root and top of the welds, Irvine’s equation dramatically 

underpredicts the yield strength, but has a more accurate nitrogen solid solution strengthening coefficient 

than that of the Rawers equation. There appears to be little difference in the elongation from the top to the 

bottom as shown in Figure 6.14c.  Once again the decrease in elongation within the laser welds from the 

middle section can be seen, caused by the stress concentration which can also be seen in Figure 6.14d.  

The nitrogen strengthening behavior (dσy/dN) between the top (499 MPa/wt. pct. N) and root 

(422 MPa/wt. pct. N) in Figure 6.14a is similar to the strengthening behavior observed by Irvine of 496 

MPa/wt. pct. N. Table 6.4 consists of the linear fit models developed from the measured microtensile 

yield strengths.  Furthermore, the linear model fits for the top specimen data, had the lowest p-value for 

both the unaccounted for strengthening term (σ0, the y intercept) as well as the linear nitrogen 

strengthening coefficient.  The average of the top, middle, and root σ0 was observed to be 415 MPa 

compared to the base metals σ0, 241 MPa, it is apparent that a 150 MPa difference needs to be explained. 

Furthermore, the top portion of the welds consistently had lower strengths than that of the bottom 

of the welds, even when the nitrogen contents were similar, as can be seen in Figure 6.14 c.  Figure 6.14 d 

clearly illustrates maximum 0.2 wt. pct. variations in elongation between the middle weld specimens and 

the base metal material.  All graphs have error bars with 95% confidence intervals, despite the apparent 

scatter impression cast by the plot markers.  

Table 6.4 – Linear coefficients for fit of σy = σ0 + b[N] for the argon-shielded laser weld metal 

   σ0   P-‐value   b   P-‐value  
Top   401   0.017   499   0.063  
Middle   412   0.085   326   0.268  
Root   425   0.022   422   0.095  
Base   241   0.137   606   0.202  

Looking at the ultimate tensile strength results in Figure 6.15 and the predicted values for linear 

model predictions in Table 6.5,potentially a different model should be considered in future work to 

accurately predict ultimate tensile strength. 
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a.)   b.)     

c.)   d.)     
Figure 6.14 Yield strength as a function of argon-shielded laser weld metal nitrogen content of 

microtensiles tested at room temperature at a strain rate of 0.01s-1  for (a.)the horizontal 
tensile bars (b.) and for the middle weld (c). Elongation as a function of nitrogen content 
for same microtensiles. for the top and root of the weld (d.) and for the middle weld. 

 

  
Figure 6.15 Ultimate tensile strength as a function of argon-shielded laser weld metal nitrogen 

content of microtensiles tested at room temperature at a strain rate of 0.01s-1  for (a.) the 
top and root of the weld (b) and for the middle weld. 

Table 6.5 – Linear coefficients for fit of σUTS=a + b[N] for the argon-shielded laser weld metal 

     a   P-‐value   b   P-‐Value  
Top   724   0.05   278   0.455  
Middle   703   0.08   172   0.729  
Root   690   0.031   455   0.194  
Base   562   0.111   557   0.355  
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6.5 Nitrogen-shielded Laser Weld Microtensile Results 

The microtensile stress-strain curves for the nitrogen-shielded laser weld metal microtensile 

material strained at room temperature at a constant strain rate of 0.01s-1 were similar to that of the argon-

shielded welds.  The actual tensile curves have been compiled in Appendix B.  The mean measured 

values for mechanical properties can be found in Table 6.6, excluding any premature failure data. 

6.5.1 High Nitrogen Base Metal, Nitrogen-Shielded Laser Weld Metal Results 

The stress-strain curves for the high nitrogen base metal, nitrogen-shielded weld metal is shown 

in Figure 6.16a-d.  The curves shown similar strain hardening rates and a variation in the elongation of the 

samples common in when testing heterogeneous microstructures.  The average UTS for the top of the 

weld was found to be 804 compared to 815 MPa at the root of the weld.  Yield strengths of 530 MPa for 

the top were less than that of the root, which was measured at 545 MPa.  And finally the elongation for 

the root was found to be higher than the top of the weld at 59% compared to 56%.  The middle of the 

weld was measured to have a UTS of 753 MPa, a yield strength of 482 MPa, and a total elongation of 

44%.  The middle microtensile specimens had an increase of 60 MPa for yield strength, equivalent 

ultimate tensile strength and a reduction in elongation of 0.01 mm/mm compared to the base metal.  The 

strain hardening exponent was measured to be consistent with all other specimens at 0.23. 

 Comparing the yield strength, ultimate tensile strength, and the elongation to failure the results 

with the nitrogen shielding gas are similar to that of the welds done in argon, and variations are close to 

the 95% confidence interval values reported.  Compared to the base metals the changes are larger than the 

confidence intervals reported for the nitrogen-shielded weld metal data in Table 6.6. 

6.5.2 Medium Nitrogen Base Metal, Nitrogen-shielded Laser Weld Metal Results 

The average UTS for the top of the weld was found to be 797 MPa compared to 812 MPa at the 

root of the weld.  Yield strengths of 507 for the top were less than that of the root, which was measured at 

539 MPa.  The elongation for the root was found to be 0.10 mm/mm more than the top of the weld at 0.50 

mm/mm.  The middle of the weld was measured to have a UTS of 764 MPa, a yield strength of 494 MPa, 

and a total elongation of 44%.  The middle microtensile specimen had an increase of 70 MPa for yield 

strength, a higher ultimate tensile strength by 60 MPa, and an increase in elongation of 0.01 mm/mm 

compared to the base metal.  The increase in elongation is within the error of the measurement.  The 

strain hardening exponent was measured to be consistent with all other specimens at 0.21. 

Once again, the results with the nitrogen shielding gas are similar to that of the welds done in 

argon. Variations are less than 4% for yield strength and ultimate tensile strength, and up to 20% different 

in final elongation results. 
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a.)   b.) c.)  

d.)   
Figure 6.16 Engineering stress-strain curves for nitrogen-shielded laser weld metal microtensile 

material from the high nitrogen content base metal.  Specimens were strained at a 
constant strain rate of 0.01 s-1 at room temperature, using systems described in Section 
3.5.  For the (a) top, (b) middle, (c) root  and (d) a comparison of all tests using the CSM 
system. 

6.5.3 Low Nitrogen Base Metal, Nitrogen-shielded Laser Weld Metal Results 

The average UTS for the top and root of the weld was found to be 808 MPa and 803 MPa, 

respectively.  Yield strengths of 510 MPa for the top were less than that of the root, which was measured 

at 522MPa.  The elongation for the root was found to be greater than the top of the weld which were 

measured as 0.54 and 0.58 mm/mm, respectively.  This difference describes a 10% increase in elongation 

compared to the argon-shielded laser welds.  The middle of the weld was measured to have a UTS of 771 

MPa, a yield strength of 496 MPa, and a total elongation of 0.47 mm/mm.  The middle microtensile bars 

had an increase of 70 MPa for yield strength, a higher ultimate tensile strength by 70 MPa, and an 

increase in elongation of 0.04 mm/mm compared to the base metal.  The strain hardening exponent was 

measured to be consistent with all other specimens at 0.22. 

6.5.4 Comparison of Nitrogen-shielded Laser Weld Metal  

Yield strengths as a function of nitrogen content within the weld metal are plotted for all the 

argon-shielded weld metal in Figure 6.17 a and b, while the elongations are plotted in Figure 6.17 c and d.  

Again, Rawers and Irvine equations predicted values that do not correlate well to the measured properties, 

especially at lower nitrogen contents.  In the case of the root and top of the welds, Irvine’s Equation 

dramatically under predicts the yield strength but the predicted trend line has a more accurate slope than 

that Rawer’s equation.  Again, there appears to be some strengthening factor that is missing in these 
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equations for laser welds.  There appears to be up to 0.10 mm/mm maximum strain difference between 

that of the bottom and the top of the weld, even when the nitrogen contents are relatively similar, as 

shown in Figure 6.17 (c).  Finally a general trend of reduced elongation with increased nitrogen content 

can be seen in the middle of the weld, though not in the top or root of the weld. 

Table 6.6 – Nitrogen-shielded laser weld metal microtensile mechanical properties for Nitronic 40 
Stainless Steels. Yield Strengths (YS), Ultimate Tensile Strengths (UTS) and Strain Hardening Rates 

(SHR) are indicated as measured for either true or engineering stress strain in parenthesis. 

Nitrogen-shielded laser 
beam welded samples 

0.2%	  
YS	  

(eng)	  

0.5%	  
YS	  

(eng)	  

SUTS	  
(eng) 

eUTS	  
(eng)	  

etotal	  
(eng)	   SHR	  (True)	   Holloman	  

Strain	  
Hardening	  
Exponent	  Number of samples in 

parenthesis  MPa MPa MPa mm/mm mm/mm MPa per 
mm/mm 

High Nitrogen, 
Top of Weld 

(6) 

Mean 530 551 804 0.39 0.59 1648  0.24 

σ95% 34 26 27 0.03 0.07 62  0.03 
High Nitrogen, 
Middle of Weld 

(5) 

Mean 504 508 786 0.32 0.53 1704  0.20 

σ95% 60 60 35 0.06 0.09 167  0.02 
High Nitrogen, 
Root of Weld 

(6) 

Mean 545 564 815 0.38 0.56 1682  0.22 

σ95% 32 34 28 0.03 0.07 77  0.01 
Medium 

Nitrogen, Top 
of Weld (5) 

Mean 507 544 797 0.35 0.50 1729  0.22 

σ95% 12 5 3 0.03 0.05 38  0.01 

Medium 
Nitrogen, 

Middle of Weld 
(3) 

Mean 494 525 764 0.32 0.44 1729  0.21 

σ95% 19 19 19 0.01 0.04 49  0.005 

Medium 
Nitrogen, Root 

of Weld (3) 

Mean 539 562 812 0.34 0.60 1661  0.21 

σ95% 38 30 3 0.03 0.04 15  0.02 
Low Nitrogen, 
Top of Weld 

(6) 

Mean 496 540 797 0.37 0.54 1732  0.23 

σ95% 34 33 33 0.02 0.04 60  0.01 

Low Nitrogen, 
Middle of Weld 

(5) 

Mean 475 524 771 0.34 0.50 1735  0.21 

σ95% 61 61 76 0.03 0.09 162  0.01 
Low Nitrogen, 
Root of Weld 

(6) 

Mean 522 547 815 0.43 0.58 1642  0.23 

σ95% 44 41 35 0.03 0.04 48  0.01 

While the quantitative yield strengths between the base metal and the top and root weld metal are 

not directly comparable, they are plotted together for qualitative purposes.  It can be seen that the nitrogen 

strengthening behavior(dσy/dN) between the two sets of data are relatively similar.  The strengthening 

coefficient found by Irvine was predicted to be 496 MPa/wt. pct. N, which is similar to that found in the 
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root weld metal data of 407 MPa/wt. pct. N, but closer to the nitrogen strengthening predicted in the 

middle weld metal, as indicated in Table 6.4.  The average linear nitrogen strengthening coefficient from 

top, middle, and root  would be 445 MPa/wt. pct. N.  However, out of the linear model fits found for the 

data, the top data once again had the lowest p-values, which would suggest the value to be higher. An 

average base strengthening from other mechanisms for the high nitrogen stainless steel would then be 

predicted to be approximately 405 MPa, very similar to the value found in the argon weld metal. 

Furthermore, the top portion of the welds consistently had lower strengths than that of the bottom 

of the welds, even when the nitrogen contents were similar, as can be seen in Figure 6.17c.   In 

Figure 6.17d, the strains-to-failure are relatively similar between the middle weld specimens and the base 

metal.  All graphs have error bars with 95% confidence intervals, though they may be overshadowed by 

the plot markers. 

Table 6.7 – Linear coefficients for fit of σy = σ0 + b[N] for the argon-shielded laser weld metal 

     σ0  (MPa)   P-‐value  
b	  (MPa/wt.  pct.  

N)   P-‐Value  
Top   421   0.051   393   0.226  
Middle   365   0.015   534   0.042  
Root   430   0.015   407   0.0604  
Base   241   0.137   606   0.202  

 

a.)     b.)     

  
  

c.)     d.     

Figure 6.17 Yield strength as a function of nitrogen-shielded lase weld metal nitrogen content of 
microtensiles tested at room temperature at a strain rate of 0.01s-1  for (a.) the top and root 
of the weld (b.)  and for the middle weld (c). Elongation as a function of nitrogen content 
for same microtensiles. for the top and root of the weld (d.)  and for the middle weld.   
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Looking at the ultimate tensile strength results, in Figure 6.18 and the predicted values from the 

linear model prediction in Table 6.8, it is possible to see that there appears to be small increases with 

ultimate tensile strength with increasing nitrogen.  However, the values are lower than the linear nitrogen 

strengthening component as reported by Rawers.  

Table 6.8 – Linear coefficients for fit of σUTS=a + b[N] for the nitrogen-shielded laser weld metal 

     a  (MPa)   P-‐value   b  (MPa/wt.  pct.  N)   P-‐Value  
Top   784   0.012   69   0.491  
Middle   721   0.069   225   0.621  
Root   753   0.003   221   0.044  
Base   562   0.111   557   0.355  

 

  
Figure 6.18 Ultimate tensile strength as a function of nitrogen-shielded laser weld metal nitrogen 

content of microtensiles tested at room temperature at a strain rate of 0.01s-1  for (a.) 
the top and root of the weld (b) and for the middle weld. 

6.6 Electron Beam Weld Microtensile Testing Results 

The stress-strain curves for the nitrogen-shielded laser weld metal microtensile specimens 

strained at room temperature at a constant strain rate of 0.01s-1 were similar to that of the argon-shielded 

welds.  The stress-strain curves can be found in Figure 6.19..  In the tensile curves the reduced UTS and 

elongation in the middle weld specimens can be seen. The mean measured values for mechanical 

properties can be found in Table 6.9 which excludes any premature failure data.  The yield strength and 

ultimate tensile strength were found to significantly increase in the electron beam weld metal with 

increasing nitrogen when compared to the base metal.  No clear trend was found to occur in final 

elongation plotted against base metal; some differences were less than the reported variances. 

6.6.1 High Nitrogen Base Metal, Electron Beam Weld Metal Results 

The average UTS for the top of the weld was found to be 816 MPa compared to 808 MPa at the 

root of the weld.  Yield strengths of 533 MPa for the top were less than that of the root, which was 

measured at 567 MPa.  Moreover, the elongation for the root was found to be higher than the top of the 

weld at 56% compared to 51%, all higher than the LBW values.  The middle of the weld was measured to 

have a UTS of 702 MPa, a yield strength of 463 MPa, and a total elongation of 41%, all lower than the 
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LBW values.  The middle microtensiles had an increase of 30 MPa for yield strength, an ultimate tensile 

strength reduction of 30 MPa, and a reduction in elongation of 0.05 mm/mm compared to the base metal.  

The strain hardening exponent was measured to be consistent with all other specimens at 0.21. 

 

a.) b.)   

c.)     

Figure 6.19 Engineering stress-strain curves for electron beam weld metal microtensile material 
strained at a constant strain rate of 0.01 s-1 at room temperature, using the CSM tensile 
system indicated Section 3.5 for the (a) High nitrogen (b) Medium nitrogen, (c) and Low 
nitrogen  

The results with the electron beam welds are similar to those of the laser beam welds done in 

argon and nitrogen shielding gases. The minimal differences in the yield strength, ultimate tensile strength 

and total elongation were found within the same weld regions..  The reduction of ductility was largest in 

the middle weld microtensile;  the maximum variance between the top and root specimens was 10%. 

6.6.2 Medium Nitrogen Base Metal, Electron Beam Weld Metal Result 

The average UTS for the top of the weld was found to be 811 MPa compared to 837 MPa at the 

root of the weld.  Yield strengths of 534 MPa for the top were less than that of the root, which was 

measured at 563 MPa.  The elongation for the root was found to be 0.03 mm/mm more than the top of the 

weld at 0.59 mm/mm.  The middle of the weld was measured to have a UTS of 725 MPa, a yield strength 

of 482 MPa, and a total elongation of 59%.  The middle microtensile specimens had an increase of 60 

MPa for yield strength, a higher ultimate tensile strength by 20 MPa, and an insignificant increase in 

elongation of 0.02 mm/mm compared to the base metal.  The increase in elongation is within the error of 
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the measurement.  The strain hardening exponent was measured to be consistent with all other specimens 

at 0.21. 

Table 6.9 – Electron beam weld metal microtensile mechanical properties for Nitronic 40 stainless steels. 
Yield Strengths (YS), Ultimate Tensile Strengths (UTS) and Strain Hardening Rates (SHR) are indicated 

as measured for either true or engineering stress-strain in parenthesis. 

Electron Beam Welded 
Samples 

0.2%	  
YS	  

(eng)	  

0.5%	  
YS	  

(eng)	  

SUTS	  
(eng) 

eUTS	  
(eng)	  

etotal	  
(eng)	   SHR	  (True)	   Holloman	  

Strain	  
Hardening	  
Exponent	    

MPa MPa MPa mm/mm mm/mm MPa/mm/mm No. of samples in 
parenthesis  

High Nitrogen, 
Top of Weld (3) 

Mean 533 562 816 0.34 0.56 1703  0.22 

σ95% 27 8 6 0.01 0.03 42  0.01 
High Nitrogen, 
Middle of Weld 

(4) 

Mean 463 496 712 0.34 0.49 1722  0.22 

σ95% 23 18 29 0.18 0.01 216  0.01 

High Nitrogen, 
Root of Weld (4) 

Mean 567 600 808 0.34 0.51 1597  0.19 

σ95% 32 15 3 0.03 0.01 26  0.01 
Medium 

Nitrogen, Top of 
Weld (4) 

Mean 534 561 811 0.34 0.56 1674  0.22 

σ95% 13 9 1 0.01 0.05 91  0.01 

Medium 
Nitrogen, Middle 

of Weld (4) 

Mean 482 505 725 0.35 0.51 1546  0.21 

σ95% 18 19 24 0.05 0.04 107  0.01 

Medium 
Nitrogen, Root of 

Weld (4) 

Mean 563 591 837 0.35 0.59 1690  0.21 

σ95% 4 7 13 0.01 0.03 53  0.01 

Low Nitrogen, 
Top of Weld (4) 

Mean 503 528 776 0.34 0.52 1709  0.22 

σ95% 7 6 8 0.02 0.06 79  0.01 
Low Nitrogen, 

Middle of Weld 
(4) 

Mean 478 507 731 0.35 0.51 1585  0.21 

σ95% 22 21 18 0.05 0.05 81  0.01 

Low Nitrogen, 
Root of Weld (4) 

Mean 527 553 796 0.35 0.57 1640  0.21 

σ95% 7 12 16 0.01 0.02 40 0.01  
 

6.6.3 Low Nitrogen Base Metal, Nitrogen-shielded Electron Beam Weld Metal Results 

The average UTS for the top and root of the weld was found to be 776 MPa and 796 MPa, 

respectively.  Yield strengths of 503 MPa for the top were less than that of the root, which was measured 

at 572MPa.  The elongation for the root was found to be greater than the top of the weld, which were 

measured as 0.52 and 0.57 mm/mm, respectively.  The middle of the weld was measured to have a UTS 
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of 731 MPa, a yield strength of 478 MPa, and a total elongation of 0.51 mm/mm.  The middle 

microtensile bars had an increase of 100 MPa for yield strength, a higher ultimate tensile strength by 20 

MPa,  and an increase in elongation of 0.08 mm/mm compared to the base metal.  The strain hardening 

exponent was measured to be consistent with all other specimens at 0.22.  The increases in both strength 

and ductility of the root of the weld is indicative of strengthening due to the refinement of grain size 

which will be discussed in Chapter 8. 

6.6.4 Comparison of Electron Beam Weld Metal Locations and Nitrogen Content 

There is no clear distinction of the weld properties for the electron beam welds. From the welds 

tested, it was found that an increase in nitrogen caused an increase in the yield strength, a mixed increase 

in the elongation of the top portion of the weld, and a reduction in strain in the root of the weld.  In the 

middle of the weld, the nitrogen was found to have a deleterious effect, though the measurements were all 

within error of one another.  An increase in nitrogen was found to decrease the ductility of the middle 

weld metal as well.  For the top and root of the weld, there was good agreement found with linear models 

with the factors predicted in Table 6.10.  The nitrogen strengthening in the root of the weld was at the 

same amount of 605MPa/wt. pct. N as measured in the base metal, while the strengthening in the top of 

the weld was estimated to be increased by 439 per wt. pct. N.  

a.)     b.)     

  
  

c.)     d.)     
Figure 6.20 Yield strength as a function of nitrogen-shielded base weld metal nitrogen content of 

microtensiles tested at room temperature at a strain rate of 0.01s-1  for (a.)the top and root 
of the weld (b.)  and for the middle weld (c). Elongation as a function of nitrogen content 
for same microtensiles. for the top and root of the weld (d.)  and for the middle weld. 
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Furthermore, in inspecting the ultimate tensile strength measurements, the nitrogen was found to 

increase the strength of the weld metal for the top and root of the welds, though not in the middle of the 

weld.  The top and bottom weld metal both showed signs of nitrogen solid solution strengthening while 

the middle weld metal did not, as can be seen in Table 6.11 and Figure 6.20b.  Additionally, from the 

linear models for ultimate tensile strength, the increase in strength of the weld metal is not attributed 

solely to nitrogen content, but rather to other strengthening mechanisms. 

Table 6.10 – Linear coefficients for fit of σy = σ0 + b[N] for the electron beam weld metal 

     σ0  (MPa)   P-‐value   b	  (MPa/wt.  pct.  N)   P-‐Value  
Top   423   0.009   439   0.038  
Middle   508   0.0612   -‐152   0.607  
Root   406   0.003   607   0.009  
Base   241   0.137   606   0.202  

 

Table 6.11 – Linear coefficients for fit of σUTS=a + b[N] for the YS of Electron Beam Weld metal 

     a  (MPa)   P-‐value   b  (MPa/wt.  pct.  N)  
P-‐

Value  
Top   686   0.008   493   0.046  
Middle   795   0.038   -‐333   0.358  
Root   752   0.033   244   0.386  
Base   562   0.111   557   0.355  

 

  
Figure 6.21 Ultimate tensile strength as a function of nitrogen-shielded laser weld metal nitrogen 

content of microtensiles tested at room temperature at a strain rate of 0.01s-1 for (a.) the 
top and (b) root of the weld and for the middle weld. 

6.7 Summary of Microtensile Measurements 

Examining the microtensile data is apparent that the electron beam welds and the laser beam 

welds have similar behavior.  The measured average values from all measurements, from all locations, for 

the 0.02 offset yield strengths for the nitrogen-shielded LBW, argon-shielded LBW, and EBW metals are 

512, 509, and 516 MPa, respectively.  The measured average ultimate tensile strengths from all 

measurements, from all locations, for the 0.02 offset yield strengths for the nitrogen-shielded LBW, 

argon-shielded LBW, and EBW metals are 795, 778, and 779 MPa, respectively.  The measured average 
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elongation at failure from all measurements, from all locations, for the 0.02 offset yield strengths for the 

nitrogen-shielded LBW, argon-shielded LBW, and EBW metals are 54, 49, and 54%, respectively. 

From the microtensile testing results the model linear equations were produced that are presented 

in Table 6.12.  The equations are separate into five different equations (1) all top LBW data, (2) all root 

LBW data, (3) all top data including EBW and LBW data, (4) all root data including EBW and LBW 

data, and (5) all data from all locations and all processes.   

  

Table 6.12 – Linear coefficients for fit of σy = σ0 + b[N] for the all tensile data 

     σ0  (MPa)   P-‐value   b	  (MPa/wt.  pct.  N)   P-‐Value  
All  Top  EBW+LBW     401   0.018   499   0.063  
All  Root  EBW+LBW   425   0.022   422   0.095  

All  Top  LBW   423   0.009   438   0.038  
All  Root  LBW   406   0.003   606   0.009  
All  Top/Bottom  
EBW+LBW   392   6.8  x10-‐28   513   7.3  x  10-‐7  

 

Although looking at the average of all electron beam and laser beam welds from the top and 

bottom of the welds, one representative equation could be used for predicting the yield strength for high 

energy density welds would be:  

𝜎! = 392  MPa + 513(  MPa/N) 𝑁  6.1 

The experimentally calculated p-values indicate that Equation 6.1 is a good model for 

approximating yield stress of the electron beam or laser beam weld metal.  All yield strength data 

measured for the top and root, horizontal microtensile geometry, is shown in Figure 6.22, along with the 

linear models listed in Table 6.12. The equations appear to predict the yield strengths quite well.  The data 

from the middle weld, vertical geometry, and the same linear models are shown in Figure 6.23.  The 

equations under predict middle weld metal.  It is unclear if it is due to the stress concentrator, though if 

the data were corrected with the estimated 30 MPa difference from the base metal measurements, the 

equation would provide a relatively good fit for predicting the yield behavior of the middle microtensiles 

as well.  The models predicted for the strain hardening rate and elongation did not have strong 

correlations and are not presented here. The predictive equations for the ultimate tensile strength did show 

good correlations and are plotted in Figure 6.24 and shown in Equation Table 6.13 for the average of all 

microtensile data collected. 
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Figure 6.22 Yield strengths measured from all microtensiles with equations from Table 6.12 

separated by location and welding methods. 

  
Figure 6.23 Yield strengths measured from all microtensiles from the middle weld metal with 

equations from Table 6.12 separated by location and welding methods. 

While the correlations factors were not as high as those of the yield strength predictions, the 

equations in  Table 6.13 and in particular Equation 6.2 provides a good indication of the minimum 

ultimate tensile strength for the weld metal, as indicated in Figure 6.24.. 

𝜎!"# = 676  MPa + 457(  MPa/N) 𝑁  6.2 
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Table 6.13 – Linear coefficients for fit of σUTS=a + b[N] for the YS of Electron Beam Weld metal 

     a  (MPa)   P-‐value   b	  (MPa/wt.  pct.  N)   P-‐Value  
All  Top  EBW+LBW     675   0.012   549   0.068  
All  Root  EBW+LBW   777   0.036   123   0.636  

All  Top  LBW   724   0.048   278   0.456  
All  Root  LBW   690   0.031   406   0.579  
All  Top/Bottom  
EBW+LBW   676   2.9  x10-‐12   456   0.049  

 

 

     
Figure 6.24 Ultimate tensile strengths measured from all microtensiles with equations from  

Table 6.12. 

Knowing the differences in the strength from the top, middle and bottom of the weld it would be 

possible to better model the mechanical integrity of a weld.  The base metal strength could be matched to 

the weld metal strength to provide a more homogenous material for both electron beam or laser beam 

welding using the data provided.  Additionally, if the base metal was matched to the weld metal, the 

reduced strength in the top of the weld would have to be addressed as failure would most likely occur in 

at the boundary between the top portion of the weld and either the base metal or the weld metal, wherever 

the largest mismatch of strength occurred. 

6.8 Fracture Surface Results 

The fracture surfaces from the microtensile bars were examined using a SEM to better understand 

the behavior of fracture.  In all cases, ductile fracture was observed by visual observation of the dull 

fibrous fracture surfaces.  Shear lips were also found in most cases, also indicating ductile fracture. 
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6.8.1 Base Metal Microtensile Specimen Fracture Surfaces 

Optical microscopy of the fracture surfaces can be seen in Figure 6.25.  Shear lips can be clearly 

identified in all cases as well as a reduction in the gauge width leading up to the fracture surface.  These 

features are clearly indicative of ductile fracture. 

 

  
Figure 6.25 Optical Microscope images of failure surfaces of base metal microtensile specimens 

indicating ductile fracture, notice the appearance of shear lips in each case.  Paint on 
specimens is a remnant from the digital image correlation process.   

 

Two different types of shear dimples were found to occur on the sample surface: equiaxed tensile 

dimples, or equiaxed dimples, and shear parabolic dimples as indicated in Figure 6.26.  Both fracture 

surface morphologies occur due to void growth and coalescence during tensile testing.  In this process the 

formation of pores within the material occurs due to the large number of dislocations in the material 

creating small voids the slowly grow together into pores.  As the pores coalesce the load capacity of the 

material decreases and the remaining load bearing material fails ductilley creating shear lips from a 

macroscopic view, that contain shear or parabolic dimples at higher magnifications. The parabolic shear 

dimples indicate the direction of applied loading during tensile testing.  Shearing of the pores was found 

to occur in both directions pointing towards the center of the microtensile for all base metal microtensiles, 

with normal equiaxed grains occurring in the center of the weld.  There was no indication of any other 

failure morphologies.  An example of SEM images of the fracture surface for the base metal microtensiles 

is shown in Figure 6.27. 

6.8.2 Argon and Nitrogen-shielded Laser Weld Metal Microtensile Specimens 

The presence of shear lips were confirmed in all cases of microtensile bars tested.  SEM 

micrograph examples of the shear are shown in Figure 6.28  Furthermore, these shear lips lead to the 

formation of much of the parabolic shear dimples along the edges of many of the samples, similar to those 

found in the base metal. 
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Figure 6.26 Optical Microscope images of failure surfaces of base metal microtensile specimens 

indicating ductile fracture, notice the appearance of shear lips in each case.  Paint on 
specimens is a remnant from the digital image correlation process.   

  
Figure 6.27 (top) Secondary electron image of tensile fracture surface of medium nitrogen base metal 

microtensile bar showing evidence of necking and ductile fracture. (bottom left) 
Secondary electron  image of tensile fracture surface exhibiting variable sized parabolic 
sheared dimples indicative of microvoid formation and coalescence. (bottom right) 
Secondary electron image of more variable size parabolic sheared dimples. 
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Figure 6.28 Secondary electron images of failure surfaces for microtensiles illustrating the shear lips 

found on all specimens. (left) A microtensile from low nitrogen content base metal, 
nitrogen-shielded laser weld. (middle) A microtensile from high nitrogen base metal, 
welded under an argon atmosphere.  (right) A micro tensile from the high nitrogen argon 
base metal, laser welded under argon shielding gas. Note the outside layer of paint is a 
remnant from the DIC process.  

 

  
Figure 6.29 Photographs of failure surfaces for most of the tensile conditions from the top and bottom 

of the laser welds.  All exhibit either failure on 45° planes or exhibit cup and cone failure. 

These same shear lips were seen with optical microscopy as illustrated in Figure 6.29, where 

typical failures for all the microtensile bars from both argon and nitrogen-shielded gas laser welds are 

shown.  All failures either exhibited cup-cone type failure or failure along a 45° angle to the applied 

tensile axis.  The failed microtensile specimens from the middle region of the welds are shown in 

Figure 6.30, though they do not appear as ductile as the top or root weld microtensiles.  Most of the 

failure occurs close to one of the fillets where the increased stress at that location forces fracture to occur 

before general plastic behavior takes charge of the process as in the case of the root or top of the weld.  

Clear evidence of ductile void growth can be seen in Figure 6.31 in the center of the weldment 
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Figure 6.30 Photographs of failure surfaces for most of the tensile conditions removed from the 

middle portion of the laser welds.  All exhibit either failure on 45° planes or exhibit cup 
and cone failure. 

  
Figure 6.31 Fracture surfaces for (top) medium nitrogen content nitrogen-shielded top weld metal 

compared to that of high nitrogen content argon-shielded. 
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6.8.3 Electron Beam Weld Metal Fractographs 

Examining the high nitrogen content electron beam weld metal top surface shown, there are still 

many of the same signs for ductile fracture occurring.  Along the edge of the tensile bar shown in 

Figure 6.32 (a), sheared dimples can be seen as shown in Figure 6.32 (b), and along the center the 

variable sized dimples indicate more void formation occurring in the material. 

The only difference between the laser beam welds and the electron beam welds occurs in the root 

of the welds where the failure surface exhibits a grainy surface texture as shown in Figure 6.33.  The 

surface morphology is related to another ductile failure mechanism termed decohesive rupture, which is 

shown in Figure 6.33. 

 

a.)   

b.)     c.)     
Figure 6.32 a.) Fracture surface of a high nitrogen content base metal electron beam welded top weld 

metal specimen. b.) Equiaxed dimples away from the edge, and parabolic shear dimples 
at the edge of the specimen. c.) Variable sized parabolic dimples from the edge of the 
microtensile bar. 
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The decohesive rupture found to occur in the EBW root of the low nitrogen case is important to 

note as it could be related to solidification cracking occurring within the root of the weldment. 

Decohesive rupture occurs along weak material surfaces which could be related to the low temperature 

phase formation along the dendrite boundaries that were forming during solidification.  The austenite cap 

at the root of the welds solidifies from the liquid phase without forming any ferrite.  The solidification 

modes where austenite forms first, known as primary austenitic solidification, is well known to cause 

solidification cracking in HNASS welds.  Primary austenitic solidification was observed to occurs near 

the bottom of the root microtensile specimen, on the sides increased cooling rates exists, as will be 

discussed in the next chapter   As the primary austenite solidifies sulfur and phosphorus segregate to the 

liquid increasing the phosphorus and sulfur contents which depresses melting point of the solid to the 

point where low melting temperature liquids surround solidified grain, embrittling the weldment. 

a.)   

b. )  c.)       

Figure 6.33 a.) Fracture surface of a low nitrogen content base metal electron beam welded top weld 
metal specimen. b.) Grainy rough surface, from the right hand side of the image in (a) on 
the bottom side of the weld, indicative of decohesive rupture.  c.) A closer look at the 
facets of austenite that are shown in (b); the facets are only in the edge furthest from the 
top of the weld, where purely austenitic solidification occurs. 
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6.9 Mechanical Testing Summary 

The following findings were found to occur: 

1) The choice of shielding gas had little to do with the mechanical properties of the weld metal though 

electron beam weld metal was found to have similar mechanical properties to that of the laser beam 

welds.  Two different equations for predicting the high energy density weld yield strength and 

minimum ultimate tensile strength for the weld based on nitrogen content alone were presented. 

2) There was very little difference in the elongation of the base metal in comparison to the laser and 

electron beam welds, irrespective of nitrogen content. 

3) Nitrogen solid solution strengthening was evident, and quantified in the weld microstructures to 

values similar to that predicted by Irvine and Rawers.  Root strength was higher than top weld metal 

in most cases, though the strength increase could be due to microstructural features. 

4) The root nitrogen contents and yield strengths have been found to be consistently higher than the top 

portion of the welds where the nitrogen strengthening effect appears to be more similar to those 

predicted by Irvine than that of Rawers. 

5) The equations used by Rawers and Irvine to broadly predict high nitrogen stainless steel yield 

strength and ultimate tensile strength were not well suited to predict weld metal strength.  The model 

needs to account for grain size strengthening to better understand the unaccounted yield strength term 

for both the laser and electron beam welds.  The linear nitrogen strengthening coefficients used by 

Irvine were similar to that of what was experimentally determined, though other factors must be 

accounted for accurate determination of the mechanical properties. 

6) All microtensile specimens except a few EBW root welds, failed in a ductile manner via void growth 

and coalescence during mechanical testing, as indicated in the fractographs. 

7) The electron beam root weld exhibited a brittle failure region, which could be related to either 

austenitic solidification mode that most likely lead to solidification cracking which caused the 

material to fail via decohesive rupture along grain boundaries in the microtensile bar or due to 

microstructural differences discussed in the next chapter. 
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CHAPTER 7:  OPTICAL AND SCANNING ELECTRON MICROSCOPY 
RESULTS 

From Chapter 5, the depletion of nitrogen in the laser weld metal was confirmed for both the 

nitrogen shielding gas and argon shielding gas.  The nitrogen losses were also found in the electron beam 

welds in greater amounts than that in laser welding.  Furthermore, in Chapter 6, the variance of nitrogen 

content was shown to affect the mechanical properties of the weld metal in a similar manner that occurs in 

HNASS—though the yield strength was higher than those predicted by the by Rawers and Irvine models, 

even when grain sizes as small as two microns were used.  Similar locations in the welds provided similar 

strengths, with the root of the weld consistently exhibiting higher strengths at similar nitrogen content.  

The differences in strength could be attributed to microstructural differences, which will be investigated 

in this chapter. 

To better understand the microstructural differences, a variety of techniques were used to 

investigate and quantify potential differences in the weld metal microstructure.  Magnetic measurements 

were done on the weld metal in bulk and also on the microtensile specimens.  Though the accuracy of 

these measurements could be effected by difference in the total volume sensed, and the fraction of the 

volume sensed that was weld metal.  Optical microscopy measurements were done on the welds to check 

for the formation of sigma phase, a potentially harmful phase known to form upon heat treatment, and to 

identify any potential microstructural differences.  Finally, electron backscatter diffraction was used to 

quantify the weld metal grain boundary character from the top, middle, and root sections of the welds. 

7.1 Magnetic Ferrite Content Measurements 

The average ferrite contents measured are reported in Table 7.1 and also in Figure 7.1 for the top, 

middle, and root of the weld.  The measurements were done on microtensile bars as illustrated in 

Figure 3.23.  The probe diameter was 3x larger than the weld width (1 mm) for the horizontal 

measurements but was adequate for measurements on the vertical microtensile bar gauge sections for 

obtaining bulk ferrite content measurements.  Furthermore, measurements varied on top and bottom of 

each side of the weld microtensile specimens, though there was no method for relating the orientation of 

the weld from the microtensile bars during measurement.   Measurements were taken from both sides and 

averaged. 

Ferrite content measurements were done on the horizontal microtensile bar geometries for top and 

root weld ferrite contents.  The ferrite content in the top argon shielded laser weld metal was found to 

increase from 1.51 to 2.53 to 3.01 volume percent in the high, medium, and low nitrogen base metal 

content.   A similar trend was found to occur in the electron beam weld metal from 0.79 to 1.81 to 2.28 
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volume percent in the high, medium, and low nitrogen base metal content welds.  While the nitrogen 

contents measured in top of the nitrogen-shielded weld condition had more similar nitrogen contents 

between the medium and low nitrogen (2.5% compared to 2.3%).  The ferrite contents in the top of the 

weld were consistently higher than that of the root of the weld.  The higher cooling rate at the root of the 

weld most likely lead to the decreased amount of ferrite which is similar to that observed by Elmer4. 

There were apparent differences in the ferrite content from each side of the microtensile, 

indicating differences in the ferrite content throughout the welds.  The middle of the weld has the highest 

ferrite content in every condition, though it is unsure if that is due to the vertical tensile geometry being 

entirely weld metal compared to the horizontal microtensiles where only the gauge width of the 

microtensile consisted of weld metal. 

  
  

Figure 7.1 Ferrite contents measured throughout the weld for (a) argon-shielded laser beam welds(b) 
nitrogen-shielded laser beam welds, and (c) electron beam welds from the top, middle, 
and root sections of the welds. 

Furthermore, looking at the yield strength and ultimate tensile strength, there is a decrease in 

tensile strength with increasing ferrite content.  The observed decrease in ferrite content does not correlate 

with the observations of Irvine for standard high nitrogen stainless steels.  However, nitrogen is also 

known to have significant effects on the strength of ferrite. It is certainly possible that there is an 

interaction parameter that is not accounted for in this study where the nitrogen strengthening of the ferrite 

at lower nitrogen volume percent exceeds the nitrogen strengthening in the ferrite at increased ferrite 

contents. 

  
Figure 7.2 (left) Yield strength plotted as a function of ferrite content as measured with the ferrite 

scope; (right) Ultimate tensile strength plotted as a function of ferrite content. 
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Table 7.1 – Magnetic measurements of ferrite content for bulk and specific locations throughout the laser 
beam and electron beam welds with varying base metal nitrogen content. 

Ferrite content (volume %) in laser weld metal shielded with argon  

  Argon-‐
shielded  
Laser  
Beam  
Weld  
Metal  

0.31  N  content  Base  Metal   028  N  content  Base  Metal   0.24  N  content  Base  
Metal  

Bulk   Microtensiles   Bulk   Microtensiles   Bulk   Microtensiles  

  N/A  

Top   1.51  
(0.10)  

2.57  
(0.23)  

Top   2.53  
(0.24)  

3.68  
(0.01)  

Top   3.01  
(0.27)  

Mid   1.93  
(0.16)   Mid   3.29  

(0.19)   Mid   3.09  
(0.24)  

Root   0.74  
(0.06)   Root   1.28  

(0.07)   Root   1.45  
(0.41)  

Avg   1.39   Avg   2.37   Avg   2.52  
 

Ferrite content (volume %) in laser weld metal shielded with nitrogen 

  Nitroge
n-‐

shielded  
Laser  
Beam  
Weld  
Metal  

0.31  N  content  Base  Metal   028  N  content  Base  Metal   0.24  N  content  Base  
Metal  

Bulk   Microtensiles   Bulk   Microtensiles   Bulk   Microtensiles  

1.41  
(0.10)  

Top   0.76  
(0.15)  

2.69  
(0.30)  

Top   2.49  
(0.11)  

3.17(0.
21)  

Top   2.26  
(0.08)  

Mid   1.64  
(0.08)   Mid   3.15  

(0.10)   Mid   4.17  
(0.26)  

Root   0.81  
(0.04)   Root   1.49  

(0.07)   Root   1.67  
(0.09)  

Avg   1.07   Avg   2.38   Avg   2.63  
 

Ferrite content (volume %) in electron beam welds 

Electron  
Beam  
Weld  
Metal  

0.31  N  content  Base  Metal   028  N  content  Base  Metal   0.24  N  content  Base  
Metal  

Bulk   Microtensiles   Bulk   Microtensiles   Bulk   Microtensiles  

1.40  
(0.11)  

Top   0.79  
(0.03)  

2.81  
(0.13)  

Top   1.81  
(0.03)  

3.44  
(0.12)  

Top   2.28  
(0.10)  

Mid   1.31  
(0.07)   Mid   3.15  

(0.78)   Mid   3.64  
(0.30)  

Root   0.32  
(0.04)   Root   0.83  

(0.05)   Root   1.32  
(0.04)  

Avg   0.81   Avg   1.93   Avg   2.37  
 

7.2 Weld Microstructure Morphologies for Laser Welds 

The many different microstructures found to occur in stainless steel high energy density 

weldments are found in the solidification diagram developed by Elmer4 in Figure 7.3.  In the diagram, the 

solidified microstructure is predicted using travel speed, which is related to both the temperature gradient 

(G) and solidification rate (R) in the weld metal, and the composition of the base metal.  At high travel 
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speeds there is very little time for segregation to occur and high temperature gradients leading to planar or 

cellular solidification structures.  At lower travel speeds there is time for solute segregation to occur 

resulting in duplex structures.   The travel speed (in gray) and compositions for the high, medium, and 

low nitrogen base metals are overlaid on the diagram predicting lacy ferrite at low nitrogen contents and 

low travel speeds and vermicular ferrite at high nitrogen and low travel speeds.  At increased travel 

speeds in low nitrogen alloys the lacy ferrite solidification structure changes to intercellular ferrite is 

expected while at higher nitrogen contents it is unclear whether or not the metal will solidify as 

vermicular or intercellular ferrite. 

 

  
Figure 7.3 Solidification diagram by Elmer overlaid with arrows indicating the Epsy equivalence 

Creq/Nieq ratios for 0.20 wt. pct. in blue, 0.24 wt. pct. in green, and 0.31 wt. pct. nitrogen.  
The vertical arrow indicates the travel speed of 12.7 mm/s. 

 

The laser welds consisted of the two aforementioned two microstructures: lacy ferrite and 

vermicular ferrite; intercellular austenite was not found to occur in the laser welds at any locations.  

Examples of the lacy ferrite and vermicular ferrite found in the laser welds are shown in Figure 7.4.  A 

further discussion is presented in the next sections on the particular microstructures found in each of the 

regions for the laser welds in nitrogen and argon shielding gases.  

Intercellular austenite was found to occur in the electron beam welds at the root of the weld at 

low nitrogen contents as indicated in Figure 7.7 which is from the root of an electron beam weld along the 

centerline of the weld.  The centerline of the weld has the highest cooling rate and should experience the 

largest amount of segregation, as it’s the last weld metal to solidify.  The distinct austenite grains 



 122 

surrounding a small amount of ferrite can be seen only in select regions, compared to the very fine ferrite 

and austenite mixture found in the lacy ferrite regions 

  
Figure 7.4 Examples of Lacy Ferrite (LF) and Vermicular Ferrite (VF) observed in the laser welds 

made with a  power of 875 W, travel speed of 12.7 mm/s, under nitrogen shielding gas 
flowing at 0.25 L/s(left)  edge of root of LBW. (right) centerline of root of LBW.. 

 

  
Figure 7.5 Examples of Intercellular Austenite (IA), Lacy Ferrite (LF) and Vermicular Ferrite (VF) 

observed in the electron beam weld metal. (Right) Root centerline of low nitrogen base 
metal. (Left) Middle weld section, edge of weld of low nitrogen base metal. 

 

7.2.1 Top Weld Morphologies 

Laser beam welds at lower travel speeds, like the 12.7 mm/s chosen, typically have an increased 

weld area at the top, similar to that of conduction mode welding, of the weld which narrows to a geometry 

more typical of keyhole mode welding, as shown in Chapter 2.  An optical micrograph etched in a mixed 

acid etch (1:1:1 of hydrochloric, nitric, and perchloric acid) of the top section of the low nitrogen base 

metal laser welds in argon and nitrogen are shown in Figure 7.6 and Figure 7.7, respectively.  In each 

case, the expected columnar dendritic microstructure growing after a small amount of epitaxial austenitic 



 123 

growth along the edges of the weld occurs.  In Figure 7.6, the white arrows indicate locations where lacy 

ferrite can be seen.  In the center of the welds for both shielding gases, it can be seen that lacy ferrite 

occurs more in the argon-shielded weld metal in along the centerline of the weld than in the nitrogen-

shielded case. The nitrogen shielding gas appears to prevent the formation of lacy ferrite in the last metal 

solidified in this case.  From the secondary dendrite arm spacing (SDAS) measurements in the vermicular 

ferrite, the solidification rate at the edge of the weld can be predicted to be approximately 1.6 x 104 K/s 

using the Equation 2.3.  The cooling rate should increase towards the centerline of the weld, though the 

SDAS for the lacy ferrite is not possible to determine. 

7.2.2 Middle Weld Morphologies 

The middle weld metal microstructures vary from the top weld microstructures as they are 

entirely keyhole mode welds with relatively consistent widths, that have vermicular ferrite or lacy ferrite 

solidifying from the base material, as shown in Figure 7.8 and Figure 7.9.  The argon-shielded laser welds 

have an increased amount of ferrite as well as an increased amount of lacy ferrite, as can be seen in 

Figure 7.8b compared to Figure 7.9b.  The centerline microstructure of the argon-shielded laser weld 

metal consists of both lacy ferrite and vermicular ferrite, as can be seen in Figure 7.8c, pointed out with 

the white and black arrows.  The intercellular austenite is not seen in the nitrogen-shielded middle weld 

centerline; instead there is a vermicular ferrite, which is what would be predicted for higher nitrogen 

contents, though there is still some lacy ferrite which would suggest some chemical inhomogeneities in 

the weld pool upon solidification.  Additionally, porosity was found to occur in the argon-shielded laser 

weld as shown in Figure 7.8 a and b, though the pores can be quite small, on the order of 10-40 µm.  

From SDAS from the edge of the weld it is estimated using Equation 2.6 that the cooling rate is on the 

order of 2.0 x 104 K/s. 

7.2.3 Root Weld Morphologies 

As found in Chapter 5, the root of the weld has the highest nitrogen content, which is also 

combined with the highest solidification rate.  From the diagram in Figure 7.3 it would be expected to 

have some intercellular ferrite in the last liquid to solidify.  Very little vermicular ferrite can be found in 

the root section of the laser welds independent of the shielding gas chosen, as can be seen in Figure 7.10 

and Figure 7.11.  In the center region of the argon-shielded weld, there is more intercellular austenite 

formed compared to the nitrogen-shielded welds where there is more lacy ferrite.  

 



 124 

  
Figure 7.6 Laser weld microstructures from top 1 mm of weld.  Weld parameters: laser power: 875 

W, travel speed: 12.7 mm/s, under argon shielding gas flowing at 0.25 L/s. (a) Low 
nitrogen base metal autogenous weld cross section. (b) Microstructure exhibiting 
austenitic epitaxial growth at the edge of the weld followed by columnar dendritic ferrite 
formation that partially transformed to austenite upon solidification in either a 
vermicular/skeletal arrangement, or a lacy arrangement as pointed out with white arrows. 
(c) Higher magnification of skeletal ferrite at edge of weld. (d) Skeletal ferrite and lacy 
ferrite in the centerline of the weld. 



 125 

  
Figure 7.7 Laser weld microstructures from top 1 mm of weld.  Weld parameters: laser power: 875 

W, travel speed :12.7 mm/s, under nitrogen shielding gas flowing at 0.25 L/s. (a) Low 
nitrogen base metal autogenous weld cross section.  (b) Microstructure exhibiting 
austenitic epitaxial growth at the edge of the weld followed by columnar dendritic ferrite 
formation that partially transformed to austenite upon solidification in either a 
vermicular/skeletal arrangement, or a lacy arrangement as pointed out with white arrows. 
(c) Higher magnification of skeletal ferrite at edge of weld. (d) Skeletal ferrite at the 
centerline of the weld. 
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Figure 7.8 Laser weld microstructures from middle 1 mm of weld.  Weld parameters: laser power: 

875 W, travel speed: 12.7 mm/s, under argon shield flowing at 0.25 L/s.  (a) Low 
nitrogen base metal autogenous weld cross section.  (b) Microstructure exhibiting 
columnar dendritic ferrite formation from the weld edge that partially transformed to 
austenite upon solidification in either a vermicular/skeletal arrangement, or a lacy 
arrangement as pointed out with white arrows. In the center both lacy ferrite (white 
arrows) and intercellular ferrite (black arrow) can be pointed out.  Also porosity can be 
seen in this weld.  (c) lacy ferrite (white arrow) and intercellular ferrite (black arrow) in 
the centerline of the weld. (d)  Higher magnification of skeletal ferrite at edge of the 
weld. 
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Figure 7.9 Laser weld microstructures from middle 1 mm of weld.  Weld parameters: laser power: 

875 W, travel speed :12.7 mm/s, under nitrogen shield flowing at 0.25 L/s. (a)  Low 
nitrogen base metal autogenous weld cross section. (b)  Microstructure exhibiting 
austenitic epitaxial growth at the edge of the weld followed by columnar dendritic ferrite 
formation that partially transformed to austenite upon solidification in either a 
vermicular/skeletal arrangement, or a lacy arrangement as pointed out with white arrows. 
(c)  Higher fractions of lacy ferrite found at the centerline of the weld. (d)  Skeletal ferrite 
and lacy ferrite near the edge of the weld. 
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Figure 7.10 Laser weld microstructures from root 1 mm of weld.  Weld parameters: laser power: 875 

W, travel speed :12.7 mm/s, under argon shield flowing at 0.25 L/s. (a) Low nitrogen 
base metal autogenous weld cross section.  (b)Microstructure exhibiting austenitic 
epitaxial growth at the edge of the weld followed by columnar dendritic ferrite formation 
that partially transformed to austenite upon solidification is predominantly lacy ferrite 
(white arrows). (c) Intercellular ferrite (black arrow) in the centerline of the weld. (d). 
higher magnification of skeletal ferrite at edge of weld with some indication of subgrain 
formation. 
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Figure 7.11 Laser weld microstructures from root 1 mm of weld.  Weld parameters: laser power: 875 

W, travel speed: 12.7 mm/s, under nitrogen shield flowing at 0.25 L/s. (a) Low nitrogen 
base metal autogenous weld cross section. (b) Microstructure exhibiting austenitic 
epitaxial growth at the edge of the weld followed by columnar dendritic ferrite formation 
that partially transformed to austenite upon solidification in either a vermicular/skeletal 
arrangement, or a lacy arrangement as pointed out with white arrows. (c) higher of lacy 
ferrite found at the centerline of the weld. (d) skeletal ferrite and lacy ferrite near the edge 
of the weld. 

 

7.3 Weld Microstructure Morphologies for Electron Beam Welds 

The electron beam welds, due to the presence of the vacuum, have narrower welds without the 

wide top as shown in Chapter 2.  Furthermore, as shown in Chapter 5, the nitrogen vaporization in the 

top, middle and root was greater in the electron beam weld, and possessed similar ferrite contents, as can 
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be seen in Section 7.1.  The root nitrogen contents appear to differ, but they are extracted from relatively 

different areas, and the root of the weld in the case of electron beam welds were typically in the base plate 

of the material which did not exist for the laser weld material.   Measurements of SDAS in the electron 

beam welds indicated that the electron beam welds had increased cooling rates of 2.0 x 104, 3.0 x 104, 6.0 

x 104 K/s for the top, middle and root sections of the welds.  The increased cooling rate in the lower 

section of the weld is due to the larger thermal mass placed under the welds, which also produced a 

relatively different microstructure compared to the laser beam welds. 

 

  
Figure 7.12 Electron beam weld microstructures from top 1mm of weld. travel speed :12.7 mm/s, (a) 

Low nitrogen base metal autogenous weld cross section.  (b) Microstructure exhibiting 
austenitic epitaxial growth at the edge of the weld followed by columnar dendritic ferrite 
formation that partially transformed to austenite upon solidification in either a 
vermicular/skeletal arrangement, or a lacy arrangement as pointed out with white arrows. 
(c)  full cross section indicating locations of lacy and vermicular ferrite. 

 

The electron beam weld top microstructures are similar to that of the laser beam welds already 

described; an example can be seen in Figure 7.12 of a top section microstructure, while a root 

microstructure can be seen in Figure 7.13.  Furthermore, in the low nitrogen base metal welds, in the root 

of the weld, intercellular austenite can be seen to occur due to the increased cooling rate and the low 

nitrogen content which is not predicted at the travel speed from Figure 7.3.  The intercellular ferrite has a 

smaller amount of ferrite compared to lacy and vermicular ferrite as illustrated in the region labeled (A) 

compared to the lacy ferrite (B), though the vermicular ferrite still can be found near the center (C). 
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Figure 7.13 Laser weld microstructures from root 1mm of weld.  Weld parameters: laser power: 

875W, travel speed :12.7 mm/s, under nitrogen shield flowing at 0.25 L/s. (a) Low 
nitrogen base metal autogenous weld cross section.  (b) Microstructure exhibiting 
austenitic epitaxial growth at the edge of the weld followed by columnar dendritic ferrite 
formation that partially transformed to austenite upon solidification in either a 
vermicular/skeletal arrangement, or a lacy arrangement as pointed out with white arrows. 

 

  
Figure 7.14 Intercellular ferrite found in the centerline of the low nitrogen content electron beam 

weld near the root of the weld. 
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7.4 Electron Backscatter Diffraction Results 

All electron backscatter measurements were broken into data characterizing the edge of the weld 

metal and data characterizing the centerline of the weld.  The edge of the weld data is related to the region 

containing predominantly vermicular ferrite with a small amount of the lacy ferrite and where epitaxial 

growth from the base metal edge occurs. The centerline region would be the central region described in 

the preceding chapter where lacy ferrite, vermicular ferrite, and intercellular austenite occurred depending 

on the welding procedure and nitrogen content. 

In this chapter four different types of diagrams will be presented, image quality maps, phase 

maps, Grain Boundary Maps (GBM), and Orientation Imaging Maps (OIMs).  As briefly discussed in 

Chapter 3, EBSD relies on obtaining backscatter electron signals from a scanned location that relate to the 

lattice structure of a material, called Kikuchi bands, for the scanned region.  Many of these measurements 

in one region lead to the formation of an image or map of crystallographic information that can prove a 

powerful tool. 

The sharpness of the Kikuchi bands are related to the number of defects within a phase163, if the 

density of point or linear defects in a phase increases the sharpness of the bands will decrease.  To 

quantitatively measure the blur, the software uses a term of Image Quality (IQ) or Pattern Quality.  In an 

image quality map regions which high dislocations appear with lower image quality as can be seen in 

Figure 7.15 for a laser weld.  The grain boundaries found in the weld metal have a higher dislocation 

density than in the center of the grains and are indicated by low image quality.  Any regions where the 

diffraction patterns were not measured are black (having a 0 image quality) as can be seen for the pores in 

Figure 7.15 where secondary electrons were unable to escape the edges of the pore to be detected. In the 

weld microstructure in the example its possible to see the refined grain structure in the center of the weld 

(left side of image) compared to the edge of the weld (right side of image). 

EBSD phase maps are the result of assigning a phase to a coordinate in the scanned area.  A phase 

is determined via the Kikuchi pattern being identified to match a particular phase. The measure of the 

confidence of a phase in a scanned area is termed the Confidence Index (CI) and is found by a variety of 

definitions/methodologies164.  CI can be influenced many measurements as it can be used to partition data 

for measurements, (i.e. to remove “low” confidence points from a grain size measurement).  An example 

of the Phase map for the same image in Figure 7.15 is shown in Figure 7.16 where red corresponds to an 

austenite phase and green corresponds to a ferrite phase.  The pores found in the prior scan are now 

identified as ferrite because there was no confidence interval limit set on the data.  The partition fractions 

(sorted data) and total fractions (raw data) listed in the legend in Figure 7.16 further illustrates that there 

was no partitioning of the data.  A phase map can be overlaid on an IQ map giving an indication of the 

defect density within the phases. 
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Figure 7.15 Image quality map of a HNASS laser beam weld used for identification of regions of 

higher defects (darker color) related to the Kikuchi band sharpness.  

 

  
Figure 7.16 Phase map of a HNASS laser beam weld used for identification of regions of austenite 

and ferrite.  

The grain boundary map overlaid on the IQ map in for the in Figure 7.15 is shown in Figure 7.17 

where grain boundaries identified by their misorientation are labeled as indicated in the legend.  The 

measurements for the grain boundaries can be partitioned by CI or phase for any further measurements of 

the grain boundaries.  The boundaries are measured between each measured location rather than identified 

grains.  However, defining a grain that is established based on a minimum number of scanned locations (a 

minimum grain size) and the misorientation minimum to establish a grain.  A unique grain map in 

Figure 7.17 is illustrated which identifies all grains with a different unique color.  The same map is shown 

in Figure 7.17 as in Figure 7.18 where the grains are defined by a minimum grain size of 5 scanned 

locations, and the minimum orientation to define a grain boundary was set to 15 which match the blue 

grain boundaries in Figure 7.17.  It must be noted there are many stray grain boundaries, created by lone 

data points surrounded by regions without data, indicated in red in Figure 7.17 which need cleaning to 

obtain accurate grain boundary character.  
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Figure 7.17 Grain boundary map of a HNASS laser beam weld used for identification of grain 

boundary misorientation as defined by the colors in the legend to the right..  

 

  
Figure 7.18 Unique grain map of a HNASS laser beam weld used for identification unique grains 

defined by a minimum number of scanned regions and a minimum misorientation to 
define a grain boundary..  

The orientation image map is produced via the successive collection and indexing of EBSD 

patters at point spaced over a specimen surface in a regular grid.  An example of one in a HNASS weld 

metal is shown in Figure 7.19 where the different orientations within the scan for both ferrite and 

austenite are indicated by the legend.  These orientations are important as they are used in the 

determination of the Taylor factors used for the determination of mechanical properties.  Furthermore, 

one can identify hard and soft textures from the standard triangle with some knowledge of deformation 

development and Schmidt factors in materials. 

Many measurements can be produced via the information presented from the EBSD maps 

discussed prior: grain size measurements, Taylor factor measurements, and grain boundary lengths to 

name a few.  There are two common methods for the determination of grain size (1) a linear intercept 

method using vertical and horizontal lines and (2) using the areas in the unique of grain plot to determine 
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grain size.  For both these measurements, the definition of a grain must be defined as mentioned prior, 

and the grain shape must be considered for accurate measurements. 

 

  
Figure 7.19 Orientation imaging map of a HNASS laser beam weld used for identification of 

orientation of grains as identified in the legend.  

 

A Taylor factor is determined via the application of a tensor onto the EBSD scan related to the 

tensile or compressive forces applied to the microstructure.  A grain does not need to be identified for a 

calculated Taylor factor.  The Taylor factors are identified per scan identified in the Unique grain map 

with the orientation of the grain defined in the OIM map it is important. Finally, for the lengths of the 

grain boundaries are then measured based on the minimum angle for measurements—which is 

recommended to not to go below 1°. 

7.4.1 EBSD Cleaning of High Energy Density Welds 

First, the base metal was characterized to determine any effects of the cleaning methods that 

would be used during analysis.  A table of the results can be seen in Table 7.2. The four different cleaning 

methods were (1) No cleaning; use raw data, (2) a Neighborhood Confidence Interval Correction (NCIC), 

(3) Grain Dilatation  (Grain Dil) and (4) Phase Correction (Phase C).  The no cleaning method is self 

explanatory, all data collected from the microscopy is used.  The next three methods are useful for 

increasing the number of points in a scan and also reducing the total number of erroneous points, though 

these must not be overused.  Examples of IQ map overlaid with OIM, where the same and a Phase map 

(with teal representing austenite)+ grain boundary map (with the same GB limits as set in in Figure 7.17) 

for base metal Nitronic 40 stainless steel cleaned in the aforementioned four methods in in Figure 7.20. 

Grain dilatation to assign blank locations, or locations without a grain, to the neighboring grain of the 

same phase with the highest confidence interval.  Phase correction can correct low confidence phase 

locations with the neighbor with the highest confidence interval.  NCIC assigns locations where a low 

confidence interval exists with the highest neighbor interval grain, phase, and orientation.  
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Figure 7.20 Examples of the influence of cleaning methods for (left images) IQ map with OIM 

overlay and (right images) phase maps with Grain boundary overlay (top left) Cleaned 
with Grain dilation. (top right) Cleaned with phase correction. (bottom left) Cleaned with 
NCIC. (bottom right) Without any cleaning. 

While it is not apparent in Figure 7.20 visually, the grain dilation cleaning method decreases the 

total amount of austenite found in the scans.  The technique also decreases the grain size found using the 

linear intercept method. While this method does coalesce many of the smaller grains into larger grains, it 

also produces many smaller grains decreasing the average the grain size measurement.  Furthermore, the 

grain dilation method increases the partition fraction of unidentified points, which decreases the austenite 

phase fraction as indicated in Table 7.2.  The phase correction method a web of grains that filled the grain 

boundary regions influencing the grain size and also the grain boundary maps as can be seen in 

Figure 7.20.  This method is not advised to accurately measure grain size or grain boundary lengths.  The 

NCIC method appeared to be the least influenced compared to the no cleaning method, however it did 

increase the identification of many grain boundaries in the material.  Thus, NCIC will predominantly be 

used as it did not affect the detected values, but typically increased the number of confident points in the 

scans. 
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 The measurement of grain sizes of the high, medium and low nitrogen base metals were reported 

in Section 3, to which the austenite grain size measurements using EBSD were all in good agreement with 

the No clean, NCIC and Grain dilatation cleaning methods. 

 The ferrite phase fraction of zero measured with the EBSD also matches the ferrite fraction 

measured with the ferritescope which is another good indication of data quality.  Finally, the Taylor 

Factors measured for the austenite phase are about random, at 3.10, which is what would be expected for 

the annealed material used in this research. 

 

Table 7.2 – Base Metal EBSD measurements  

        

Austenite  
Grain  

size  (µμm)  

Ferrite    
Grain  
size  
(µμm)  

Austenite  
Avg.  
Taylor  
Factor  

Ferrite  
Avg.  
Taylor  
Factor  

Austenite  
Phase  
Fraction  

Ferrite  
Phase  
Fraction  

High  N  
Content  
Base  

Optical         N/A   N/A        

EBSD  

No  Clean   51.82   1.34   3.09   2.80   0.86   0.00  
NCIC   51.82   1.34   3.09   2.80   0.86   0.00  

Grain  Dil   34.68   1.00   3.10   2.78   0.58   0.00  
Phase  C   65.35   2.23   3.10   2.75   0.98   0.00  

Med  N  
Content  
Base  

Optical         N/A   N/A        

EBSD  

No  Clean   47.27   1.05   3.09   2.80   0.95   0.00  
NCIC   47.27   1.05   3.09   2.80   0.95   0.00  

Grain  Dil   40.27   N/A   3.10      0.83   N/A  
Phase  C   46.12   1.31   3.10   2.79   0.99   N/A  

Low  N  
Content  
Base  

Optical         N/A   N/A        

EBSD  

No  Clean   60.41   1.13   3.08   2.80   0.93   0.00  
NCIC   60.41   1.13   3.08   2.80   0.93   0.00  

Grain  Dil   50.76   0.99   3.09   2.78   0.77   N/A  
Phase  C   63.68   1.66   3.07   2.80   0.99   N/A  

7.4.2 Phase Fraction Measurements 

Phase fraction measurements done with EBSD were lower than the magnetic measurements and 

much lower (1-5 area %) than that of the optical metallography results (10-20 area %).  Only in some 

cases did the phase fractions match the magnetic measurements, and the optical microscopy 

measurements never matched that found in EBSD.  Thus, a problem of which method to trust for 

measurements could potentially arise—though from the ferrite measurements on the vertical specimens 

where a bulk ferrite content was measured was within the range of the EBSD measurements verifies the 

validity of the EBSD ferrite measurements.  However, its unclear how accurate the measurements are in 

the laser weld material—especially due to the anisotropic solidification behavior of the welds.  Future 
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work could be done with serial sectioning or FIB sectioning combined with EBSD to gain a better idea of 

the phase fractions present in the weld metal. 

Furthermore, compared improve the to the measurements compared to the presented data, a lower 

excitation energy is recommended.  Some ferrite cores observed in optical microscopy in the laser welds 

are on the order of the spot size of the instrument.  By reducing the spot size more measurements in the 

dendrite cores could be made leading to a more accurate representation of the phase fraction.  The scans 

at 350x with a step size of 0.400 µm were not optimal to measure the ferrite cores, which were 

comparable with the step size.  As can be seen in optical microscopy, the etched ferrite cores are 

approximately 2 µm to 0.3 µm or smaller in the etched condition.   The scans at 500x with a step size of 

0.3 µm also were not optimal due to the large step size compared to the ferrite diameter.  At 1000x with a 

step size of 0.15 µm, the limit of the instrument, the ferrite contents were found to match the measured 

quantities. Thus all reported values in this subsection are reported from the 1000x scans.  However, in 

some instances cleaning was required to observe the ferrite meter ferrite contents may be necessary in 

some instances. 

 In the case below, some dendrites cores are identified as dendrite, while others are not identified.  

The core size is smaller than the interaction volume of the electrons in the material, which limits the 

ability to accurately identify the phase fractions. The ferrite fraction from the raw data would be 4.6% 

while the cleaned value of 1.6% matches the magnetic measurement for the bulk, it would make sense 

that at a higher magnification the ferrite content would be greater than the bulk measurement with the 

ferrite scope, as shown in Figure 7.21.  

Examples of phase maps at from the 350x, 500x, and 1000x scans from regions very close to one 

another can be seen in Figure 7.22 where the ferrite fractions are highlighted in red while the austenite is 

highlighted in green.  In these maps ferrite is identified along grain boundaries which is expected for the 

ferrite to austenite solidification microstructure. The phase fractions for the maps can be found in 

Table 7.3, though the dendrites cannot be identified from looking at the ferrite highlighted images in 

Figure 7.22 that were easily identified with optical microscopy at the same magnifications 

 

Table 7.3 – Ferrite measurement using EBSD cleaning methods for low nitrogen content base metal laser 
weld shielded in argon 

Ferrite  %  

Mag  
Raw  with  
all  CI  

Raw  with  
CI  >0.2    

NCIC                
CI  >0.2  

NCIC  CI  
>0.2  

Magnetic  
Measurements  

350x   3.6   0.7   1.5   1.1   3.1  
500x   3.9   1.1   2   1.6   3.1  
1000x   3.1   0.4   1.2   0.7   3.1  
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Figure 7.21 (Left) An EBSD phase map a weld area indicating a large volume fraction of ferrite of 

22% in the weld. (second to left) a zoomed in phase map of the white box in the 
preceding scan, illustrating ferrite in red and austenite fractions in green; (second to 
right), same phase map, with no corrections, with only ferrite showing, indicating 4.6% 
ferrite,  which if NCIC is used reduces to 1.6% which is shown in the far right image.  

 

  
Figure 7.22 Phase Identification maps (red, ferrite, green austenite) overlaid with Image quality maps 

for the three scanning parameters selected to use in this study. (Left) 350x (center) 500x 
and (right) 1000x. 

At higher magnification of 2000x with a step size of 0.15 µm, the ferrite dendrite cores can not be 

easily identified in either the vermicular form or in the lacy ferrite form as can be seen in Figure 7.23, 

even though they can be seen in the lightly etched form in optical microscopy. Though in the image 

quality maps evidence of the subgrain microstructure can be seen in the top right of the image in 
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Figure 7.23.  The apparent structure illustrated with the phase map overlay, indicating dark regions with 

low image quality highlight both ferrite grain boundaries and austenitic sub-grain boundaries in the 

material that can provide strengthening to the welded microstructure that are note measured with standard 

EBSD grain size measurements, the boundaries are on the order of 15° or less, though are prevalent 

throughout the weld microstructures.  These low angle grain boundaries may be the feature not included 

in the model by Irvine. 

 

  
Figure 7.23 SEM micrographs of scanned regions and corresponding EBSD Phase Maps overlaid 

with image quality map with ferrite in red, and austenite in green (2000x) for a 
vermicular ferrite region on the edge of a low nitrogen base metal argon-shielded laser 
beam weld.  Notice contrasted regions are not highlighted in the EBSD scan, and instead 
are areas of low image quality. 

7.4.3 Taylor Factor Measurements 

The average Taylor Factors for each of the grains were calculated compared to a tensile force 

being applied normal to the image axis.  The average of the Taylor Factors from the scans done from weld 

metal scans at 500x were determined and listed in Table 7.4.  The average Taylor Factor varied little for 

the austenite phases between different locations, they were not measured for the ferrite phase. 

The distributions of Taylor Factors do not have normalized distributions as can be seen in 

Figure 7.24.  The standard deviations for the averages in Table 7.4 were between 10% to 15% indicating a 

wide spread of Taylor Factors. 
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Table 7.4 – Average Taylor Factors measured at 1000x, 2.2nA, 20kV excitation, with a step size of 150 
nm for the weld scan, and in particular for the centerline regions. 

Argon-‐
Shielded  
LBW  

0.31  N  content  Base  
Metal  
    

028  N  content  Base  
Metal  
    

0.24  N  content  Base  
Metal  
    

Bulk   Area   Bulk   Area   Bulk   Area  
  3.11   Top     3.15   Top     2.99   Top  
  -‐   Mid     3.02   Mid     3.11   Mid  

  3.08   Root     3.09   Root     3.18   Root  
 

Nitrogen-‐
Shielded  
LBW  

0.31  N  content  Base  
Metal  
    

028  N  content  Base  
Metal  
    

0.24  N  content  Base  
Metal  
    

Bulk   Area   Bulk   Area   Bulk   Area  
  3.06   Top     3.02   Top     3.17   Top  
  3.12   Mid     3.07   Mid     3.13   Mid  
  3.11   Root     3.15   Root     3.03   Root  

 

 

  
Figure 7.24 Taylor Factor distributions for weld metal scans. (Top row) Top weld metal from high 

nitrogen base metals; (bottom row): root weld metal from low nitrogen base metal; (right 
column): Nitrogen-shielded laser welds; (Left Colum): Argon-shielded laser welds. 
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7.4.4 Grain Size Measurements 

The grain size measurements were highly variable depending on the definitions of a grain.  

Measurements from EBSD scans from all the regions were analyzed with a nearest confidence interval 

neighbor correction only, which are presented in Table 7.6 for the laser weld metal specimens.   

 

Table 7.5 – EBSD values extracted from partitioned centerline (CL) and edge regions from argon-
shielded laser beam welds, from 500x full weld cross section weld scans.  

      Location  
Austenite  
Grain  size  
(µμm)  

Ferrite  
Grain  
size  
(µμm)  

Austenite  
Avg.  
Taylor  
Factor  

Ferrite  
Avg.  
Taylor  
Factor  

Austenite  
Phase  
Fraction  

Ferrite  
Phase  
Fraction  

0.
31
w
t.  
Pc
t.  
  N
  B
as
e  

La
se
r  W

el
di
ng
  w
ith
  

Ar
go
n  
Sh
ie
ld
in
g  
Ga
s  

Top  
Edge   87   3.0   3.16   2.94   0.97   0  

CL   28   1.85   3.03   2.76   0.90   0.00  

Mid    
Edge  

no  scans  
CL  

Root    
Edge   61   0.6   3.05   2.78   0.92   0  

CL   29   0.13   3.03   2.78   0.77   0.00  

                          

0.
28
w
t.  
Pc
t.  
  N
  B
as
e  

La
se
r  W

el
di
ng
  w
ith
  

Ar
go
n  
Sh
ie
ld
in
g  
Ga
s  

Top    
Edge   45   3.4   3.23   2.69   0.98   0.01  

CL   40   0.62   2.97   2.88   0.99   0.01  

Mid    
Edge   48   2.7   3.03   2.76   0.95   0.01  

CL   32   0.43   3.05   2.84   0.98   0.01  

Root    
Edge   66   1.4   3.11   2.79   0.97   0  

CL   33   0.39   3.10   2.77   0.97   0.00  

                          

0.
24
w
t.  
Pc
t.  
  N
  B
as
e  

La
se
r  W

el
di
ng
  w
ith
  

Ar
go
n  
Sh
ie
ld
in
g  
Ga
s  

Top  
Edge   74   3.3   2.9   2.72   0.96   0.01  

CL   28   0.74   3.07   2.97   0.97   0.01  

Mid    
Edge   89   2.6   3.12   2.72   0.98   0.01  

CL   36   0.60   3.06   2.87   0.98   0.00  

Root  
Edge   107   2.1   3.22   2.65   0.99   0  

CL   28   0.37   3.12   2.73   0.99   0.00  
 

 

The austenite and ferrite grain sizes, Taylor Factors and phase fractions were monitored from 

regions from the edge and centerline area of the welds.  A distinct grain size difference was found to 
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occur in all instances for both ferrite and austenite.  While there were little differences in the Taylor 

Factors between the center weld and the edge of the weld, the measured phase fractions using the 

scanning parameters.  The results measured from the distinct regions were inconclusive for measured 

properties though are presented here for future modeling of laser welded materials. 

 

Table 7.6 – EBSD values extracted from partitioned centerline (CL) and edge regions from nitrogen-
shielded laser beam welds, from 500x full weld cross section weld scans.  

      Location  
Austenite  
Grain  size  
(µμm)  

Ferrite  
Grain  
size  
(µμm)  

Austenite  
Avg.  
Taylor  
Factor  

Ferrite  
Avg.  
Taylor  
Factor  

Austenite  
Phase  
Fraction  

Ferrite  
Phase  
Fraction  

0.
31
w
t.  
Pc
t.  
  N
  B
as
e  
  

LB
W
  w
ith
  N
  S
hi
el
di
ng
  

Ga
s  

Top    
Edge   43   1.11   3.03   2.72   0.79   0.00  

CL   26   **   **   **   **   0.63  

Mid  
Edge   63   2.38   3.14   2.73   0.99   0.00  

CL   -‐   -‐  -‐   -‐   -‐   -‐   -‐  

Root    
Edge   86   2.25   3.10   2.78   0.99   0.00  

CL   24   1.16   **   **   0.00   0.87  

                          

0.
24
w
t.  
Pc
t.  
  N
  B
as
e  

LB
W
  w
ith
  N
  S
hi
el
di
ng
  

Ga
s  

Top    
Edge   64   5.52   3.14   2.69   0.93   0.01  
CL   57   0.13   3.13   2.82   0.91   0.00  

Mid    
Edge   68   1.74   3.13   2.57   0.93   0.01  
CL   42   0.74   3.05   2.81   0.98   0.00  

Root    
Edge   99   1.55   3.02   12.39   0.95   0.00  
CL   23   0.34   3.02   2.80   0.90   0.00  

 

 

7.4.5 Misorientation Mapping 

A different cleaning process was used to determine the length of grain boundaries in an effort to 

try to reduce the amount of lone grain boundaries found in the center of grains.  The grain boundaries 

were separated into a 1-3° category, a 3-15° category, and a 15-62.5°, category and the lengths were 

measured per each interval.  The surface area scanned was also monitored so that a surface area per unit 

volume of dislocations could be calculated per each case.  The high angle grain boundaries were much 

higher in all cases than the low angle grain boundaries. The lengths of high angle grain boundaries  
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Table 7.7 – EBSD values extracted from argon-shielded laser beam welds, from 500x full weld cross 
section weld scans.  

Sample   X  (µμm)   Y  (µμm)  

3°  or  less  
LAGB  
(mm)  

3°  or  less  
Avg.  mis  

15°  or  less  
LAGB  
(mm)  

15°  or  less  
Avg.  mis  

HAGB    
(mm)  

Avg.  
Taylor  
Factor  

HAT   154   646.05   4.89   1.4   3.71   3.8   8.09   3.11  (0.4)  
HAW  

                       HAB   118   276   4.51   1.4   1.97   3.1   3.95   3.08  (0.3)  
MAT   116.1   709.8   1.29   1.28   4.07   5.57   13.7   3.15  (.37)  
MAW   124.8   711.35   3.42   1.34   4.41   4.76   17.6   3.02  (.40)  
MAB   130.5   475.5   1.87   1.31   2.69   4.47   13.3   3.09  (.40)  
LAT   108   709.8   1.23   1.29   3.26   5.84   14.4   2.99  (.35)  
LAW   122.4   682.77   1.15   1.28   3.09   5.16   16.1   3.11  (.41)  
LAB   126.9   337.50   .51528   1.27   2.16   6.3   9.35   3.18  (.28)  

 

 
Table 7.8 – EBSD values extracted from nitrogen-shielded laser beam welds, from 500x full weld cross 

section weld scans.  

Sample   X  (µμm)   Y  (µμm)  

3°  or  less  
LAGB  
(mm)  

3°  or  less  
Avg.  mis  

15°  or  less  
LAGB  
(mm)  

15°  or  less  
Avg.  mis  

HAGB    
(mm)  

Avg.  
Taylor  
Factor  

HNT   134.4   709.8   10.70   1.43   4.01   3.07   8.16   3.06  (.37)  
HNW  

                       HNB   126.0   269.9   3.56   1.43   3.30   3.87   7.18   3.11(0.33)  
MNT   118.8   709.8   1.33   1.30   4.01   5.88   15.1   3.02  (.41)  

MNW   131.1   705.64   1.36   1.30   4.75   6.14   18.3  
3.07  
(0.42)  

MNB   126.3   687.19   1.08   1.28   3.26   5.73   16.90   3.15  (.33)  
LNT   120.3   709.79   4.30   1.36   3.37   4.06   9.67   3.17  (.41)  

LNW   123.6   709.79   6.06   1.38   5.50   3.96   15.7  
3.13  
(0.45)  

LNB   145.5   568.46   4.21   1.34   4.37   4.17   15.1   3.03  (.34)  
 

 

7.5 Summary 

• It was observed that an increasing amount of ferrite was found to occur in the top weld 

metal for both electron beam welds and laser beam welds compared to the root of the 

weld. Furthermore, using bulk measurements of laser weld metal ferrite content was 

shown to decrease with increasing nitrogen contents. 

• The measurements predicted much lower nitrogen contents for the weld metal 

microstructures than that found to occur in arc welded vermicular ferrite and lacy ferrite, 

which would be encouraged by the increased cooling rates experienced by the 
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weldments.  The optical microscopy indicated much higher ferrite contents in the weld 

metal.  

• Lacy ferrite was found to occur in those welds with lower nitrogen contents as would be 

predicted by the diagram used for Elmer for both the electron beam welds and the laser 

beam welds.  Nitronic 40 stainless steel variations in nitrogen content could lead to 

differences in the morphology, though the mechanical properties appear to be influenced 

more by the bulk weld nitrogen content more than any microstructural differences. 

• Ferrite content measurements using both EBSD and magnetic measurements revealed 

relatively similar ferrite contents.  The measurements were very sensitive to both 

software related parameters and also data collection methodology.  Modifications for 

increased accuracy in future EBSD measurements of duplex Nitronic stainless steel 

weldments phase measurements are also provided. 

• Image quality maps revealed defect structures present within the microstructure that were 

unaccounted for in many traditional models for subgrain or low angle grain boundary 

strengthening.  Measurements of surface volume per unit area were measured for future 

use in models for predicting strengthening the strengthening of the low angle grain 

boundaries. 
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CHAPTER 8:  DISCUSSION 

The previous three chapters have shown the results for the investigation into the effects of 

shielding gas variation and high energy density welding methods on the mechanical testing and 

microstructural characterization for the weld metal through the thickness of the weld.  Laser welding in 

chambers filled with argon and nitrogen gas proved the efficiency of nitrogen for reducing macroporosity 

in laser welds done at travel speeds of 12 mm/s at powers of 500-900 W.  The longitudinal weld 

mechanical properties, specifically the tensile yield strength and ultimate tensile strengths were found to 

increase with nitrogen content for all high energy density welding processes.  Variation in base metal 

nitrogen content could affect the overall performance of the base metal (50 MPa differences with 0.08 wt. 

pct. nitrogen differences), though the weld metal strength was found to be greater than that of the base 

metal. 

The results between the electron beam welds and the laser welds were remarkably similar as 

indicated in Table 8.1, with average yield strengths of 511 and 517 MPa for LBW and EBW, respectively, 

without regard to the nitrogen content or weld location.  The ultimate tensile strengths were 787 and 779 

MPa for LBW and EBW respectively.  Similar uniform elongations of 0.35 and 0.34, and similar total 

elongations of 0.52 and 0.54 were measured.  Comparing similar locations and nitrogen contents the 

electron beam weld microstructure did have an average increase in 0.2% yield, UTS for the top and root 

weld metal of 16 MPa and 8 MPa. 

Table 8.1 Average measured mechanical property values independent of nitrogen content and location: 
0.2% and 0.5% Yield Strength (YS), ultimate tensile strength (sUTS), uniform elongation (eUTS), total 

elongation (etotal), and Strain Hardening Rate (SHR).  

  

0.2%  YS  
(eng)  

0.5%  YS  
(eng)  

SUTS  
(eng)  

eUTS  
(eng)  

etotal  
(eng)   SHR  (True)  

MPa   MPa   MPa   mm/mm   mm/mm   MPa/mm/mm  

LBW  weld  
metal  

average   511   538   787   0.35   0.52   1698  
95%  CI   11   8   11   0.02   0.03   19  

EBW  weld  
metal  

average   517   545   779   0.34   0.54   1652  
95%  CI   24   25   30   0.00   0.02   41  

 

 

Small amount of strength differences could either be attributed to the small microstructural 

differences or residual stress differences in the welds caused by the different welding conditions used for 

testing.  Furthermore, if the electron beam welds were heat treated long enough the spherodizaiton of the 

lacy ferrite, found to occur by David could lead to an increased amount of strength, though TEM would 

be required to characterize the ferrite.  Additionally, while no evidence of nitrides was seen in the optical 
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microscopy results, TEM is necessary to confirm the presence of nitrides.  The residual stresses were not 

investigated. The purpose of this chapter is to highlight the main results form the techniques used to 

determine the mechanical properties of the high energy density weld metal in order to better understand 

what factors could have attributed to the increased strength of the weld metal at room temperature and 

any differences between the electron beam weld metal and the laser weld metal. 

8.1 Effect of Shielding Gas During Laser Welding on Nitronic 40 Alloy 

The effects of nitrogen as a shielding gas in laser welding with a fiber laser was found to produce 

little to no absorption of nitrogen though nitrogen vaporization were evident.  The reason for little 

absorption has to do with using a fiber laser instead of a CO2 laser.  While fiber lasers are characterized 

by having an increased absorption of radiation in the solid state (increasing melting efficiency); the 

absorption of the laser power in the laser-induced plasma is almost two orders of magnitude lower than in 

CO2 lasers.  The reduced absorption leads to a reduced plasma temperature.  While it was not measured, 

the plasma temperature for Nd:YAG lasers at similar powers, which have a similar wavelengths to the 

Ytterbium fiber laser used in this study, was found to be below the nitrogen dissociation temperature.   

Without the diatomic nitrogen dissociation there is little of the primary absorbed specie of nitrogen in the 

weld pool, monatomic nitrogen, leading to very little absorption. However, the temperature of the weld 

pool was above the vaporization temperature for nitrogen that allows for nitrogen to vaporize, but only 

from the top of the weld pool.  Inside the keyhole the vapor pressure within the keyhole prevents 

vaporization from occurring, thus the nitrogen losses from the root and middle of the weld occurs due to 

fluid flow within the weld pool from the root or middle to the top of the weld. 

To achieve the dissociation temperature for the nitrogen to absorb either a different laser needs to 

be used with an increased wavelength, or a higher laser power is necessary.  As mentioned prior, the high 

temperature in the plasma occurs due to the interaction of the laser with the metallic vapor in the keyhole. 

A higher energy density into the laser-induced plasma leads to a higher degree of ionization and more 

nitrogen for absorption in this case.  Any increases in nitrogen content were found to occur in the top of 

the weld metal that could be due to an increased interaction time while in the liquid state during welding. 

However, the source of the nitrogen in this case could either be the nitrogen shielding gas above the weld 

or the nitrogen in the air below the plate during welding, or both.  The increased amount of time for 

absorption is proposed as the predominant factor for nitrogen shielding gas increasing nitrogen content 

during welding as described by the experimental work by Kokawa69 and the models of Rai and Debroy165. 

Laser welding conducted in argon and nitrogen environments produced welds with similar 

surface finishes, but produced a differences in macroporosity.  While the nitrogen shielding gas was 

found ineffective at increasing the weld nitrogen content during laser welding, it was found to affect the 
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depth and width of the welds a small amount.  The differences in depth and width could be related to 

nitrogen affecting the surface tension of the liquid weld metal. The effect of nitrogen on the surface 

tension was measured by the sessile drop method by Li166 for stainless steels with ~200 ppm nitrogen in 

varying pressures of nitrogen  where no clear trend was observed but a range of 200 mN m-1difference 

was shown to occur in the temperature range from 1800K to 1900K.  In the welding environment there 

would be larger thermal gradients increasing surface tension differences increasing the driving force for 

fluid flow within the weld metal. 

When entirely in a nitrogen environment, the porosity was not found to occur in any of the 

sectioned welds, while porosity was found to occur in the argon environment.  In the case of welding with 

an applied shielding gas 1-10 µm pores were found in both the argon-shielded and nitrogen-shielded laser 

beam welds, though only 50-100 µm pores were found in the case of argon shielding gas.  The 

macroporosity was not limited to only the root of the weld in the argon shielding case, in some cases the 

porosity was found to occur in the middle region of the welds, which is evidence of the collapse of the 

keyhole during welding.  

Nitrogen profiling was done using Wave Dispersive Spectroscopy (WDS) on some early welds, 

though the scatter in the data could not quantitatively distinguish the differences in the nitrogen contents 

due to a large scatter in the data exceeding the measured nitrogen content differences through the 

thickness of the welds. In a study by Nishimoto and Mori70 on laser welding of SUS304N2 welded at 

twice the speed and twice the power small differences on the order of 0.003 of 0.091 wt. pct. were 

observed using EPMA.  Other Election Probe Microanalysis techniques including Secondary Ion Mass 

Spectroscopy (SIMS), or atom probe are advancing and in the future will be able to provide more accurate 

determination at the low nitrogen contents found though out the weld metal.  Differences in nitrogen 

created solidification mode changes form FA to AF modes along the edge of the weld and in the center of 

the middle portion of the weld, where the highest measured nitrogen contents was found.  This pattern 

does not agree with the measured data, where nitrogen content was found to increase with depth, and 

through the whole weld.  In the paper by Nishimoto and Mori, it is unclear what the accuracy of the 

nitrogen content measurements, there is no description of uncertainty of the measurement to justify if the 

small differences are significant.. With further increases in the accuracy of these methods it would be 

advised to investigate the nitrogen profiles on a finer scale than done in this study for a better comparison. 

8.2 Influence of Base Metal Nitrogen Content on Weld Metal 

It was found that differences in nitrogen content between different heats of Nitronic 40 stainless 

steel can influence the overall yield strength and ultimate tensile strength of the weld metal.  Not only 

does it affect the nitrogen solid solution strengthening as illustrated in a Chapter 6 but it can alter the 
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solidification modes found to occur in the base metal of the weldments.  The differences in microstructure 

were only found to occur in the low nitrogen content welds, the presence of intercellular ferrite was found 

to occur only in these alloys for both electron beam welds and laser beam welds with nitrogen contents 

less than 0.20 wt. percent. These effects were greater in the electron beam welds, due to the increased 

vaporization found to occur in the electron beam welds.  Furthermore, with decreased nitrogen content  an 

increase in the total amount of intercellular and lacy ferrite was found to occur in the electron beam welds 

compared to the laser beam welds where there was less variation in the total amounts of lacy and 

vermicular ferrite and very little intercellular ferrite.  Though without a better understanding of the 

mechanical properties between lacy and vermicular ferrite the influence of these solidification 

microstructures the preferential FA weld microstructures cannot be determined. 

8.3 Microtensile Testing Methodology Discussion 

The development of an effective methodology for the determination of the weld metal properties 

of the weld metal in the longitudinal direction was a large component of this study.  Many of the 

considerations of the microtensile testing geometry and preparation of specimens was done to mitigate 

any external factors from affecting the results of the mechanical testing.  The characterization of the 

damage induced by the EDM process was quantified, constraint effects were limited using microtensiles 

developed based on the work of Henning and VeHoff100 using a 50 µm grain size upper limit to ensure 

80-100 interior grains were within the gauge section of the microtensile bars. 

Grain size monitoring was done extensively in the reference material and also in the weld metal 

to provide an adequate number of interior grains such that grain size effects in the microtensiles were not 

incorporated into the measurements.  The tensile dimensions were designed to ensure a 80-100 grain 

minimum in the gauge section of the weld.  The potential effects of a recast layer were investigated and 

shown to be on a smaller scale than the grain size, producing a similar effect as surface grains discussed 

in Chapter 3.   The surface roughness of the microtensiles was measured using an optical profilometer and 

examined with a scanning electron microscope, which showed a relatively flat surface with a surface 

roughness 3x greater than that of the machined tensile bar. 

Microtensile testing using DIC showed similar stress-strain behavior for ASTM E8, E8M and the 

designed microtensiles for a martensitic stainless steel (Grade 410), a stainless steel (Grade 321), and the 

Nitronic 40 stainless steel base metal for this experiment.  The UTS, yield strength, and uniform 

elongations matched between specimens validating the microtensile testing methodology for testing.  

Furthermore, The fracture surfaces for the microtensile bars for the reference materials matched that of 

standard ASTM E8 and E8M tensile bars.  Using DIC for strain measurements led to an increased 

percentage of the gauge section containing a necked region, increasing the average measured strain to 
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failure, thus the uniform elongations were measured.  Furthermore, the use of DIC was required for such 

small tensile bars where extensometers could not be utilized and the differences in strain measured with 

tensile frames or extensometers was shown to be required for accurate strain measurements.  The slack in 

the grips and tensile frame increased the total strains at failure on the order of 20% compared to the DIC 

extensometers.  

Changing the application method of the speckle pattern, and the speckle pattern media solved the 

delamination issue.  Changing from spray paint to an air brush with 0.5 µm alumina and toner decreased 

the thickness of the coating which in turn lead to a less ductile pattern on the surface of the microtensiles.  

The reduced adhesion of the pattern to itself and increased adhesion to the microtensile lead to better 

strain measurements at and near failure.  Furthermore, the speckle patterning technique improved the 

resolution of the cameras by reducing speckle pattern size and provided a more consistent random pattern 

for DIC identification.  While the speckle patterning method could be improved overall to determine how 

strain partitions in the microstructure, for the purpose of being a virtual extensometer the toner application 

was able to determine the strain with an uncertainty of less than 1%. 

The use of the EDM surface finish on one specimen proved to be almost as similar strain 

measurements as the alumina and toner patterning technique—though more lighting was required for this 

technique.  For bulk weld elongation the methodology for speckle patterning used in these tests, with the 

specially designed grips and with the small-scale specimens proved to be an effective measurement 

method for the tensile strength of the weld metal. 

Strain hardening was more evident in the type 410 stainless steel, horizontal microtensile 

specimens, which measured an increased yield strength and elongation, but did not exhibit the stress 

concentrator providing an accurate measurement for yielding in a strain hardened material.  For the 

top/bottom weld metal geometries the measured differences in alloy 410 stainless steel were comparable 

with the E8 results, or higher than the E8 results. 

The weld metal materials were machined using an EDM process which would not introduce work 

hardening in the material, and the recast layer in the material was found to be less than half the average 

grain size of the material.  When combined with the geometric considerations from chapter Section 3.2, 

The presence of the recast layer was shown to not play a role in affecting the mechanical behavior of the 

microtensiles.  

 

8.4 Microstructural Characterization of Nitronic 40 High Energy Density Welds 

Differences in the microstructure observed throughout the weld, correlated well with established 

diagrams relating the Cr/Ni ratios to solidification structures based on travel speeds.  The microstructures 
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using optical microscopy in the weld metal for the top, middle, and root 1 mm sections of the welds are 

presented in Table 8.2.  Similar solidification modes were observed in nitrogen-shielded and argon 

shielded laser welds.  However, there was no lacy ferrite found in the top of the welds in the presence of 

the nitrogen shielding gas, for the high and medium nitrogen content base metals.  It is possible that the 

reduced cooling rate at the top of the weld combined with an increased nitrogen content in the upper part 

of the laser weld prevented the formation of the lacy ferrite in the root of the weld.  Without a higher 

resolution nitrogen analysis in the top portion of the weld it is not possible to determine if the nitrogen 

content is preventing the formation of the lacy ferrite at the root of the weld.  From the bulk nitrogen 

content analysis the losses in the top were greatest where one would expect lacy ferrite to form. 

In the electron beam welds, an austenite cap was observed in the root of the welds in the base 

plate below the welds.  The from the fracture surfaces it is apparent that the austenite in the root of the 

weld also in some cases was found in the root  microtensiles where brittle fracture, most likely related to 

solidification cracking was found to occur. 

Table 8.2 – Identified solidification structures found in the weld metal of high energy density welds using 
optical microscopy. VF=Vermicular, LF=Lacy Ferrite, IF=Intercellular Ferrite, A=Austenite 

Argon-‐
shielded  
LBW  

0.31  N  content  Base  
Metal  
    

028  N  content  Base  
Metal  
    

0.24  N  content  Base  
Metal  
    

Area   Microstructure   Area   Microstructure   Area   Microstructure  
Top   VF,  LF   Top   VF,  LF   Top   VF,  LF  
Mid   VF,  LF   Mid   VF,  LF   Mid   VF,  LF  
Root   VF,  LF   Root     VF,  LF   Root   VF,  LF  

  

Nitrogen-‐
Shielded  
LBW  

0.31  N  content  Base  
Metal  
    

028  N  content  Base  
Metal  
    

0.24  N  content  Base  
Metal  
    

Area   Microstructures   Area   Microstructures   Area   Microstructures  
Top   VF   Top   VF   Top   VF,  LF  
Mid   VF,  LF   Mid   VF,  LF   Mid   VF,  LF  
Root   VF,  LF     Root   VF,  LF   Root   VF,  LF  

  

EBW  

0.31  N  content  Base  
Metal  
    

028  N  content  Base  
Metal  
    

0.24  N  content  Base  
Metal  
    

Area   Microstructures   Area   Microstructures   Area   Microstructures  
Top   VF,  LF   Top   VF,  LF   Top   LF  VF  
Mid   VF,  LF   Mid   VF,  LF     Mid   LF,  VF  
Root   VF,  LF,A*   Root   VF,  LF,A*     Root   IF,  LF,  VF,  A*  

*Austenite was found the root of all electron beam welds. 
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8.5 Mechanical Properties of LBW and EBW Laser Weld Metal 

Electron beam weld metal was found to have a slightly higher yield and ultimate tensile strength 

compared to the laser beam welds. Similar elongation was found to occur between the two conditions as 

well.  Furthermore, weld root mechanical properties consistently outperformed the top weld metal.  A 

linear increase in yield strength and ultimate tensile strength was found to occur indicating a solid 

solution strengthening model more aligned with what was proposed by Irvine. The nonlinear model 

predicted by Rawers was attempted using the data, but no correlation was found to occur indicating that 

nitrogen solute drag as part of Rawers’ model did not occur in a measureable way in the alloy.  The 

average increase in yield strength with nitrogen content was found to be approximately 513 MPa/wt. pct. 

N from a linear model from all the tensile data combined as shown in Figure 6.20. 

From inspection of intercept distances in optical micrographs at 1000x magnification of the 

electron beam welds and the laser beam welds, irrespective of shielding gas, were relatively constant 

between 1-2µm.  Many of the figures in Chapter 6 contain predicted strengths for 2 µm grain size, and 5 

µm grain sizes, which under predict the mechanical behavior of the welds. It is also possible that the 

grains could not be represented as equiaxed grains.  From EBSD measurements of the austenite packet 

sizes for both the lamellar and lacy ferrite contents from the weld center and edge of the welds a bimodal 

distribution of grains were found to occur, where the center region of the welds consisted of a finer 

structure than the edge of the welds.  This information was not utilized for modeling of the weld metal 

mechanical properties; however, a model could be developed using a weighted average for the 

strengthening due to each average grain size. 

Furthermore, the presence of both an austenitic solidification cap at the bottom of the electron 

beam welds and intercellular ferrite in the root section of the low nitrogen electron beam welds could 

have potentially lead to an increased strength in the root of the weld compared to the top of the weld. The 

strain hardening exponent of the welds was consistently 0.21 while the elongation between the electron 

beam welds and laser beam welding conditions varied by at most 10%.  The ultimate tensile strengths 

varied in some cases less than 1% and in other cases more than 5%. 

In both cases the weld mismatch between the base metal, the ratio of the strength of the weld 

metal to that of the base metal for the laser weld metal varied from 1.2 to 1.4 while the mismatch in the 

electron beam welds varied from 1.3 to 1.6.  While the overmatching is typically preferred so that failure 

will not occur in the weld metal, models for predicting the strength still require accurate information on 

tensile strength of the welds. 
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8.5.1 Effect of Ferrite Content on Mechanical Properties 

It was found that the delta ferrite content increased as the nitrogen content decreased within the 

welds varying overall 3% between the top and root of the weld in most cases via magnetic measurements.  

Optical microscopy revealed much higher ferrite contents while electron microscopy revealed lower delta 

ferrite contents.  Compared to the Irvine prediction the ferrite content was found to decrease the strength 

of the weld metal as the ferrite content increased.  The decreases were on the order of 20 MPa per 1 

volume percent measured in the weld.  It is unclear how the orientation of the ferrite, whether its 

perpendicular or parallel to the tensile axis effects the mechanical properties. 

8.5.2 Nitrogen Solid Solution Strengthening and Hansen Model Development 

The model has not been well established for high energy density welds. This research attempted 

to clarify the effects of a number of components related to nitrogen. 

First, the strengthening component attributed to the nitrogen content was found to increase at a 

rate of 513 MPa/wt. pct. nitrogen.  This increase is mildly higher than that predicted by Irvine and most 

literature by only a few MPa per wt. pct. nitrogen.  Second, the average Taylor factors measured for the 

weld metal determined an almost random orientation of approximately 2.9 compared to a random 

orientation of 3.1 found in the base metal.  Furthermore, it appears that there is a bimodal distribution in 

the Taylor Factors within the weld metal, though it was not matched to any specific microstructures, 

namely the interdendritic ferrite, lacy ferrite, and vermicular ferrite present in the welded microstructures.   

It is believed that the ferrite morphologies had a role in the strength of the weld metal according 

to the model used by Irvine, though in this research it was found that a general trend of decreasing 

strength with ferrite content was found to occur.  It was not further investigated but would be interesting 

to pursue whether or not a vacuum environment causes the vermicular and lacy ferrite to elongate and 

spherodize as found to occur in arc welds by David.  

Using the misorientation data, it was possible to predict the yield strength of the material using 

the Equation 2.21 proposed by Hansen in Section 2.3.6.  Equation 2.21 combined with a nitrogen solid 

the measured nitrogen solid solution strengthening term.  These models utilize the average high angle 

grain boundary grain size strengthening found in the literature of 23 MPa mm-1/2, the experimentally 

determined nitrogen solid solution strengthening factor from Chapter 6, the alloy strengthening from the 

Irvine model, an Elastic modulus of 200 GPa, the average measured Taylor Factors, misorientation, and 

surface volume per unit areas measured using EBSD.  Furthermore, the limit of 3° for LAGB was not 

used, but the 15° limit was used for the model shown in Figure 8.2.  

The model predicts within the range of the measured yield strengths better than the other models 

proposed which can be observed in Chapter 6 to be much lower than the measured properties.  In the 
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Irvine model the grain size effect would have to be sub 2 µm to arrive at values close to the base metal 

measurements, where the measured average grain sizes using EBSD in Chapter 7 were approximately 

between 1-40µm.  The low nitrogen content top weld metal value appears low, though this is due to the 

lower  quality of the EBSD scan more than to the model.   

 

 
Figure 8.1 Measured and predicted yield strengths for the argon-shielded laser weld metal using 

Hansen’s model for the top and root laser weld metal. 
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Figure 8.2 Measured and predicted yield strengths for the nitrogen-shielded laser weld metal using 
Hansen’s model for the laser weld metal. 

 Using the adapted Taylor Model developed by Hansen appears to be a good methodology for 

predicting the strength of high energy density weldments.  This model allows for the addition of 

orientation factors of grains in the weld and small scale dislocation structures occurring in the weld metal 

to be accounted for rather than a standard grain size measurement.  The issues with standard grain size 

measurements in these welds is predominantly due to the dendritic solidification structure preventing 

equiaxed grain size measurements which are typically used in a Hall-Petch like strengthening model. 

Furthermore, the identification of the grain boundary surface volume per unit area ratios method used was 

not ideal but provided a basis for further characterization of laser weldments in this manner which can 

account for the low angel grain boundaries that are prevalent in the welded microstructure.  
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CHAPTER 9:  CONCLUSIONS  

i) The nitrogen shielding gas during welding did not appear to have a large effect at the 

parameters selected, though from other research the effect is more pronounced at lower travel 

speeds and in arc welds.  In the case of a nitrogen environment entirely there is an increased 

change for the nitrogen playing a large role. 

ii) The tensile properties for the laser weld metal were measured to an acceptable range as 

illustrated in Chapter 6. It was found that the root weld metal had the most desirable 

properties while the top of the weld was similar though not as strong.  A difference in fracture 

morphology was found to occur in the root of the electron beam welds, which was most likely 

due to the austenite root caps that form due to the high solidification rates experienced at the 

root of the weld. 

iii) Base nitrogen content did play a role in the strength of the weld metal, causing differences in 

yield strength and ultimate tensile strength. Though not a large role in overall elongation of 

the welds. 

iv) Nitrogen solid solution strengthening was evident in all of the tests conducted and was found 

to be of a very similar order of magnitude to that used in many models for predicting effects 

on yield strength behavior at room temperature. 

v) The mechanical properties of the laser weld metal and electron beam weld metal were found 

to be relatively similar. And could be predicted using a combination of a solid solution 

strengthening model and Hansen’s multi-scale strengthening model.  The microstructural 

differences that could be measured using EBSD accounted for the relatively large differences 

predicted by Irvine and what was measured in the laser weld metal.  

vi) Ferrite content was found to be detrimental to the mechanical properties of the welds, though 

was difficult to measure accurately using the EBSD and optical microscopy methods used in 

this research. 
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CHAPTER 10:  FUTURE WORK 

The data presented in Chapter 7 illustrates required capabilities for characterization of high 

energy density weldments to investigate the strengthening that occurs.  Further mechanical property 

modeling and characterization of high energy density weldments using advanced EBSD for more 

representative, ferrite contents, Taylor factors, and HAGB and LAGB surface volume per unit area 

measurements is necessary to develop a more complete model for predicting weld metal strength.  

Furthermore, this characterization could be done in the transverse and through thickness orientations for a 

three dimensional model for predicting weld strength.  This work should first be done using serial 

sectioning EBSD, using a Focused Ion Beam to remove material in-between scans, on a simple steel that 

would fully solidify in one phase (ferrite or austenite) with the dendritic weld microstructure, then 

expanded to the ferrite-austenite solidified microstructure. 

  To compliment the EBSD characterization residual stress measurements in laser welded and 

electron beam welded Nitronic 40 stainless steel paired with stress relieved microtensile mechanical 

property data could be done to determine the potential effects of residual stresses left within the weld 

metal from welding.  

Additionally, a separate the contributions of mechanical properties related to vermicular ferrite 

and lacy ferrite using nanoindentation on an etched weld metal specimen could be investigated. This 

would require a comparison study of measured properties to the bulk measurements conducted here.  The 

microstructures could be produced via simulating thermal conditions from welding for large scale testing 

or via specific alloying to produce a single lacy or vermicular upon high energy density welding.  Once 

again, testing in orthogonal directions to understand weld metal microstructure better would need to be 

done. 

On another note Transmission Electron Microscopy (TEM) of the microstructures above could be 

done to confirm the mechanisms of strengthening created by the dislocations structures that develop in 

both lacy ferrite and vermicular ferrite upon solidification.  As welded, and pre-strained material could be 

tested to determine how the dislocation structures evolve with deformation.  Furthermore, TEM could be 

done to identify and characterize any nitrides in the laser weld metal. 

Additionally, quantitative chemical analysis during laser welding of Nitronic 40 stainless steel 

focusing on manganese and nitrogen vaporization.  As mentioned earlier, with the advances in 

spectroscopy techniques for nitrogen determination, nitrogen profiling across the laser weld metal could 

potentially be done using higher resolution method with a higher precision than has been conducted so 
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far.  Suggested methods for investigation would include nano-SIMS time of flight measurements or atom 

probe.   
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APPENDIX A: HARDNESS PROFILES 

Hardness Profiles 

The Following six figures are the hardness profiles measured in laser welds with varying nitrogen 

content as illustrated in Section 6.1. 

	  

	  

	  

	  

	  
Figure A.1 High nitrogen base metal welded with Argon Shielding Gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds. 
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Figure A.2 Medium nitrogen base metal welded with argon shielding gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds. 
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Figure A.3 Low nitrogen base metal welded with argon shielding gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds. 
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Figure A.4 High nitrogen base metal welded with nitrogen shielding gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds.. 
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Figure A.5 Medium nitrogen base metal welded with nitrogen shielding gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds. 
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Figure A.6 Low nitrogen base metal welded with argon shielding gas. Left: Through thickness 

hardness profile.  Right: Top to bottom, profiles from 0.5mm, 1.5mmm, 2.5mm, and 2.8 
mm distances from the base metal top surface laser welds. 
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APPENDIX B: MICROTENSILE TESTS 

This chapter contains all the microtensile stress-strain curves done in this study.  Some tensile 

curves are  not displayed due to data complications that would result in misleading tensile information.  

These instances include DIC camera failure during testing, retesting of a prior strained specimen (due to 

specimens ejecting from the tensile grips, and specimens where DIC data was not recoverable post test.  

In all the aforementioned cases, only UTS data was recorded. 

Argon-Shielded Microtensile Stress-Strain Curves 

	  

	  
Figure B.1 Microtensile tests for high nitrogen base metal argon-shielded microtensile tests. (top 

left) Top weld metal (top right) middle weld metal (bottom left) root weld metal (bottom 
right) all CSM tests. 
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Figure B.2 Microtensile tests for medium nitrogen base metal argon-shielded microtensile tests. (top 

left) Top weld metal (top right) middle weld metal (bottom left) root weld metal (bottom 
right) all CSM tests. 

 

 

	  
Figure B.3 Microtensile tests for low nitrogen base metal argon-shielded microtensile tests.  (top 

left) Top weld metal (top right) middle weld metal (bottom left) root weld metal (bottom 
right) all CSM tests. 
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Nitrogen-Shielded Microtensile Stress-Strain Curves 

 

	  
Figure B.4 Microtensile tests for high nitrogen base metal nitrogen-shielded microtensile tests. (top 

left) Top weld metal (top right) middle weld metal (bottom left) root weld metal (bottom 
right) all CSM tests. 

 

 

	  
Figure B.5 Microtensile tests for medium nitrogen base metal nitrogen-shielded microtensile tests. 

(top left) Top weld metal (top right) middle weld metal (bottom left) root weld metal 
(bottom right) all CSM tests. 
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Figure B.6 Microtensile tests for low nitrogen base metal nitrogen-shielded microtensile tests. (top 

left) Top weld metal (top right) middle weld metal (bottom left) root weld metal (bottom 
right) all CSM tests. 

 

Electron Beam Microtensile Stress-Strain Curves 

	  
Figure B.7 Microtensile tests for high nitrogen base metal EBW microtensile tests. (top left) Top 

weld metal (top right) middle weld metal (bottom left) root weld metal (bottom right) all 
CSM tests. 
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Figure B.8 Microtensile tests for medium nitrogen base metal EBW microtensile tests. (top left) Top 

weld metal (top right) middle weld metal (bottom left) root weld metal (bottom right) all 
CSM tests. 

 

	  
Figure B.9 Microtensile tests for low nitrogen base metal EBW microtensile tests. (top left) Top 

weld metal (top right) middle weld metal (bottom left) root weld metal (bottom right) all 
CSM tests. 
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All Microtensile Data Summary 

Table B.1 – Summary of Microtensile Data for Base Metal 

	  

Sampl
e	  ID	  

0.2
%	  
YS	  

0.5
%	  
YS	  

UTS	   eUNIFOR
M	  

eTOTAL	  
Strain	  

Hardening	  
Rate	  (SHR)	  

Strain	  
Hardenin

g	  
Exponent	  
(SHE)	  

Considere'
s	  

Constructi
on	  True	  
Stress	  at	  
Necking	  

	   	  	   MP
a	  

MP
a	  

MP
a	  

mm/m
m	  

mm/m
m	  

MPa/mm/m
m	  

	  (Holloma
n)	   MPa	  	  

High	  
Nitroge
n	  Base	  
Metal	  

h4	   452	   478	   783	   0.38	   0.50	   1905	   0.33	   791	  
h5	   413	   442	   732	   0.37	   0.43	   1845	   0.34	   733	  
h6	   452	   482	   758	   0.35	   0.46	   1872	   0.35	   760	  
h7	   446	   459	   740	   0.38	   0.46	   1828	   0.34	   737	  
h8	   412	   454	   758	   0.37	   0.47	   1824	   0.37	   754	  
h9	   414	   442	   739	   0.35	   0.45	   1867	   0.36	   744	  

Averag
e	   431	   459	   752	   0.37	   0.46	   1857	   0.35	   753	  

95	  %	  
CI	   17	   14	   15	   0.01	   0.02	   24	   0.01	   17	  

Mediu
m	  

Nitroge
n	  Base	  
Metal	  

m1	   421	   443	   708	   0.38	   0.45	   	  	   0.40	   711	  
m2	   431	   442	   725	   0.36	   0.46	   1757	   0.30	   711	  
m5	   416	   434	   687	   0.32	   0.40	   1713	   0.39	   696	  
m6	   435	   460	   706	   0.33	   0.42	   1750	   0.37	   709	  

Averag
e	   426	   445	   706	   0.34	   0.43	   1740	   0.37	   707	  

95	  %	  
CI	   8	   11	   15	   0.03	   0.02	   26	   0.04	   7	  

Low	  
Nitroge
n	  Base	  
Metal	  

l1	   425	   451	   739	   0.38	   0.47	   1826	   0.33	   734	  
l2	   380	   415	   724	   0.41	   0.49	   1755	   0.33	   721	  
l3	   383	   411	   722	   0.44	   0.53	   1688	   0.38	   713	  
l6	   358	   393	   669	   0.41	   0.50	   1619	   0.38	   666	  
l7	   370	   400	   661	   0.41	   0.49	   1577	   0.35	   657	  

Averag
e	   383	   414	   703	   0.41	   0.49	   1693	   0.35	   698	  

95	  %	  
CI	   22	   20	   31	   0.02	   0.02	   88	   0.02	   30	  
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Table B.2 – Summary of Microtensile Data for High Nitrogen Argon-Shielded Metal 

     ID   0.2%  
YS  

0.5%  
YS   UTS   eUNIFORM  

UTS   eTOTAL   SHR*   SHE**  

High  
Nitrogen  
Base,  
Argon  
Shield,  
Top  of  
Weld  

   MPa   MPa   MPa   mm/mm   mm/mm   MPa/mm/mm   unitless  

hat1   530   548   784   0.33   0.53   1660   0.21  
hat2   484   526   780   0.35   0.56   1667   0.22  
hat3   525   542   799   0.36   0.55   1698   0.23  
hat5   533   561   808   0.38   0.48   1738   0.21  
hat6   548   551   820   0.33   0.52   1720   0.21  

hat7   549   571   816   0.39   0.58   1635   0.22  

Average   528   550   801   0.36   0.54   1687   0.22  

95  %  CI   19   12   13   0.02   0.03   31   0.01  

High  
Nitrogen  
Base,  
Argon  
Shield,    
Center  
Weld  

haw1   -‐   474   -‐   0.31   0.46   1572   0.21  
haw2   -‐   -‐   747   -‐   -‐   -‐   0.20  
haw3   482   517   734   0.27   0.40   1690   0.20  
haw5   555   570   817   0.30   0.37   1877   0.20  

haw6   521   542   791   0.31   -‐   1855   -‐  

Average   519   526   772   0.30   0.41   1749   0.20  

95  %  CI   41   40   38   0.02   0.05   141   0.01  

High  
Nitrogen  
Base,  
Argon  
Shield,    
Root  
Weld  

hab1   521   540   800   0.36   0.56   1690   0.22  
hab2   517   546   802   0.37   0.56   1662   0.23  
hab3   511   541   807   0.35   0.62   1639   0.22  
hab5   563   579   813   -‐   -‐   -‐   0.22  
hab6   550   578   828   0.41   0.58   1664   0.20  
hab7   583   599   854   0.36   0.53   1699   -‐  

Average   541   564   817   0.37   0.57   1671   0.22  
95  %  CI   23   20   16   0.02   0.03   21   0.01  
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Table B.3 – Summary of Microtensile Data for Medium Nitrogen Argon-Shielded Metal 

     ID   0.2%  
YS  

0.5%  
YS   UTS   eUNIFORM  

UTS   eTOTAL   SHR*   SHE**  

        MPa   MPa   MPa   mm/mm   mm/mm   MPa/mm/mm   unitless  
Medium  
Nitrogen  
Base,  
Argon  
Shield,    
Top  of    
Weld  

mat1   515   536   787   0.34   0.53   1692   0.21  
mat2   517   543   772   0.34   0.59   1544   0.21  

mat3   520   538   786   0.34   0.60   1618   0.21  

Average   517   539   782   0.34   0.57   1618   0.21  

95  %  CI   3   4   9   0.00   0.04   84   0.00  

Medium  
Nitrogen  
Base,  
Argon  
Shield,    
Center  
Weld  

maw1   462   500   728   0.29   0.45   1668   0.21  
maw2   475   505   734   0.34   0.48   1622   0.21  
maw3   -‐   -‐   735   -‐   -‐   -‐   0.18  
maw5   523   557   776   0.24   0.27   1914   0.17  

maw6   480   510   681   0.20   0.26   1648   -‐  

Average   485   518   731   0.27   0.36   1713   0.19  

95  %  CI   26   26   29   0.06   0.11   132   0.02  
Medium  
Nitrogen  
Base,  
Argon  
Shield,    
Root  
Weld  

mab1   540   564   784   0.33   0.53   1655   0.20  
mab2   515   541   806   0.35   0.55   1739   0.22  

mab3   527   550   802   0.38   0.63   1622   0.22  

Average   527   552   797   0.36   0.57   1672   0.22  

95  %  CI   14   13   13   0.03   0.06   69   0.01  
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Table B.4 – Summary of Microtensile Data for Low Nitrogen, Argon-Shielded Weld Metal 

     ID   0.2%  
YS  

0.5%  
YS   UTS   eUNIFORM  

UTS   eTOTAL   SHR*   SHE**  

        MPa   MPa   MPa   mm/mm   mm/mm   MPa/mm/mm   unitless  

Low  
Nitrogen  
Base,  
Argon  
Shield,  
Top  of  
Weld  

lat1   459   496   761   0.38   0.55   1677   0.24  
lat2   490   522   770   0.36   0.42   1723   0.23  
lat3   483   510   770   0.37   0.56   1666   0.24  
lat5   509   533   784   0.35   0.50   1726   0.22  
lat6   517   545   793   0.40   0.51   1671   0.21  
lat7   519   536   798   0.39   0.48   1725   0.22  

Average   496   524   779   0.37   0.50   1698   0.22  
95  %  CI   19   15   12   0.01   0.04   24   0.01  

Low  
Nitrogen  
Base,  
Argon  
Shield,  
Center  
of  Weld  

law1   -‐   -‐   695   -‐   -‐   -‐   0.22  
law2   428   483   723   0.32   0.40   1699   0.22  
law3   406   469   715   0.36   0.52   1608   0.19  
law5   -‐   575   800   -‐   -‐   2041   0.21  
law6   516   538   776   0.30   0.36   1815   -‐  
law7   516   526   765   0.32   0.39   1718   -‐  

Average   466   518   746   0.33   0.42   1776   0.21  
95  %  CI   57   37   33   0.03   0.07   145   0.01  

Low  
Nitrogen  
Base,  
Argon  
Shield,    
Root  
Weld  

lab1   496   519   789   0.39   0.58   1667   0.23  
lab2   -‐   -‐   778   -‐   -‐   1610   0.24  
lab3   490   510   769   0.42   0.65   1566   0.19  
lab5   530   560   782   0.29   0.37   1880   0.20  
lab6   483   510   747   0.24   0.31   1913   -‐  
lab7   531   553   806   0.37   0.54   1643   -‐  

Average   506   530   779   0.34   0.49   1713   0.22  
95  %  CI   20   21   16   0.07   0.13   117   0.02  
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Table B.5 – Summary of Microtensile Data for High Nitrogen, Nitrogen-Shielded Weld Metal 

	  	   ID	   0.2%	  
YS	  

0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

High	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  
Top	  of	  
Weld	  

	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  
hnt1	   519	   536	   783	   0.37	   0.51	   1684	   0.22	  
hnt2	   495	   533	   786	   0.40	   0.72	   1538	   0.24	  
hnt3	   487	   513	   771	   0.41	   0.67	   1577	   0.31	  
hnt5	   539	   557	   801	   0.42	   0.58	   1644	   0.23	  
hnt6	   538	   561	   819	   0.35	   0.52	   1738	   0.21	  
hnt7	   604	   608	   864	   -‐	   1	   1707	   0.21	  

Average	   530	   551	   804	   0.39	   0.59	   1648	   0.24	  
95	  %	  CI	   34	   26	   27	   0.03	   0.07	   62	   0.03	  

High	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Center	  
Weld	  

hnw1	   480	   509	   755	   0.36	   0.57	   1616	   0.22	  
hnw2	   -‐	   433	   -‐	   0.27	   -‐	   1476	   0.20	  
hnw3	   467	   504	   760	   0.40	   0.58	   1624	   0.23	  
hnw5	   565	   584	   801	   0.24	   -‐	   1918	   0.18	  
hnw6	   -‐	   -‐	   830	   0.34	   0.43	   1886	   -‐	  

Average	   504	   508	   786	   0.32	   0.53	   1704	   0.20	  
95	  %	  CI	   60	   60	   35	   0.06	   0.09	   167	   0.02	  

High	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Root	  
Weld	  

hnb1	   529	   548	   800	   0.35	   0.49	   1766	   0.22	  
hnb2	   509	   532	   789	   0.39	   0.67	   1598	   0.23	  
hnb3	   502	   524	   784	   0.41	   0.65	   1619	   0.24	  
hnb5	   560	   570	   808	   0.45	   0.58	   1575	   0.22	  
hnb6	   559	   573	   828	   0.38	   0.43	   1803	   0.21	  
hnb7	   611	   640	   880	   0.33	   0.57	   1730	   0.20	  

Average	   545	   564	   815	   0.38	   0.56	   1682	   0.22	  
95	  %	  CI	   32	   34	   28	   0.03	   0.07	   77	   0.01	  
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Table B.6 – Summary of Microtensile Data for Medium Nitrogen, Nitrogen-Shielded Weld Metal 

	  	   ID	   0.2%	  
YS	  

0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

	   	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  

Medium	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Top	  of	  	  
Weld	  

mnt1	   514	   545	   800	   0.37	   0.54	   1692	   0.22	  
mnt2	   486	   536	   796	   0.34	   0.53	   1719	   0.22	  
mnt3	   499	   540	   796	   0.37	   0.52	   1720	   0.22	  
mnt5	   517	   552	   -‐	   -‐	   -‐	   -‐	   0.20	  
mnt6	   516	   544	   793	   0.31	   0.43	   1784	   -‐	  

Average	   507	   544	   797	   0.35	   0.50	   1729	   0.22	  
95	  %	  CI	   12	   5	   3	   0.03	   0.05	   38	   0.01	  

Medium	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Center	  
Weld	  

mnw1	   491	   526	   766	   0.32	   0.47	   1704	   0.21	  
mnw2	   -‐	   -‐	   -‐	   -‐	   -‐	   -‐	   0.21	  
mnw3	   480	   508	   747	   0.30	   0.45	   1703	   0.21	  
mnw5	   513	   541	   781	   0.32	   0.40	   1779	   -‐	  
Average	   494	   525	   764	   0.32	   0.44	   1729	   0.21	  
95	  %	  CI	   19	   19	   19	   0.01	   0.04	   49	   0.00	  

Medium	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Root	  
Weld	  

mnb1	   577	   592	   814	   0.31	   0.57	   1668	   0.19	  
mnb2	   518	   551	   812	   0.36	   0.63	   1645	   0.22	  
mnb3	   521	   544	   809	   0.35	   0.60	   1669	   0.23	  

Average	   539	   562	   812	   0.34	   0.60	   1661	   0.21	  

95	  %	  CI	   38	   30	   3	   0.03	   0.04	   15	   0.02	  
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Table B.7 – Summary of Microtensile Data for Low Nitrogen, Nitrogen-Shielded Weld Metal 

	  	   ID	   0.2%	  
YS	  

0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

	   	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  

Low	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  
Top	  of	  
Weld	  

lnt1	   494	   523	   776	   0.35	   0.50	   1708	   0.23	  
lnt2	   466	   513	   780	   0.40	   0.57	   1679	   0.24	  
lnt3	   450	   480	   756	   0.40	   0.61	   1626	   0.25	  
lnt5	   530	   570	   842	   0.35	   0.55	   1772	   0.21	  
lnt6	   -‐	   592	   -‐	   0.35	   0.47	   1831	   0.21	  
lnt7	   540	   562	   833	   0.36	   0.51	   1775	   0.22	  

Average	   496	   540	   797	   0.37	   0.54	   1732	   0.23	  
95	  %	  CI	   34	   33	   33	   0.02	   0.04	   60	   0.01	  

Low	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  
Center	  
of	  Weld	  

lnw1	   426	   452	   663	   0.29	   0.40	   1599	   0.20	  
lnw2	   450	   493	   744	   0.38	   0.63	   1557	   0.22	  
lnw3	   455	   480	   730	   0.35	   0.50	   1671	   0.23	  
lnw5	   -‐	   602	   868	   0.31	   -‐	   1997	   0.20	  
lnw6	   567	   595	   850	   0.37	   0.47	   1851	   0.21	  

Average	   475	   524	   771	   0.34	   0.50	   1735	   0.21	  
95	  %	  CI	   61	   61	   76	   0.03	   0.09	   162	   0.01	  

Low	  
Nitrogen	  
Base,	  

Nitrogen	  
Shield,	  	  
Root	  
Weld	  

lnb1	   494	   517	   773	   0.43	   0.61	   1605	   0.24	  
lnb2	   477	   519	   778	   0.37	   0.64	   1595	   0.23	  
lnb3	   454	   476	   -‐	   0.46	   0.60	   1578	   0.26	  
lnb5	   579	   601	   850	   0.43	   0.51	   1722	   0.21	  
lnb6	   585	   603	   861	   0.41	   0.55	   1706	   0.22	  
lnb7	   546	   566	   812	   0.48	   0.58	   1648	   0.23	  

Average	   522	   547	   815	   0.43	   0.58	   1642	   0.23	  
95	  %	  CI	   44	   41	   35	   0.03	   0.04	   48	   0.01	  
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Table B.8 – Summary of Microtensile Data for High Nitrogen, Electron Beam Weld Metal 

	  	   ID	   0.2%	  YS	   0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

High	  
Nitrogen	  
Base,	  
EBW,	  
Top	  of	  
Weld	  

	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  
het1	   552	   570	   821	   0.35	   0.57	   1686	   0.22	  
het2	   506	   556	   811	   0.33	   0.53	   1746	   0.21	  
het3	   540	   560	   816	   0.35	   0.58	   1679	   0.22	  

Average	   533	   562	   816	   0.34	   0.56	   1703	   0.22	  
95	  %	  CI	   27	   8	   6	   0.01	   0.03	   42	   0.01	  

High	  
Nitrogen	  
Base,	  
EBW,	  	  
Center	  
Weld	  

hew1	   -‐	   -‐	   690	   -‐	   -‐	   -‐	   -‐	  	  
hew2	   451	   486	   -‐	   0.18	   -‐	   1832	   0.22	  
hew3	   474	   505	   740	   0.36	   0.48	   1612	   -‐	  	  
hew4	   -‐	   -‐	   706	   0.49	   0.49	   -‐	   -‐	  	  

Average	   463	   496	   712	   0.34	   0.49	   1722	   0.22	  
95	  %	  CI	   23	   18	   29	   0.18	   0.01	   216	   #DIV/0!	  

High	  
Nitrogen	  
Base,	  
EBW,	  	  
Root	  
Weld	  

heb1	   573	   600	   812	   0.32	   0.51	   1636	   0.00	  
heb2	   527	   589	   807	   0.38	   0.52	   1580	   -‐	  	  
heb3	   561	   588	   804	   0.34	   0.53	   1593	   0.00	  
heb4	   607	   622	   810	   0.33	   0.50	   1579	   -‐	  	  

Average	   567	   600	   808	   0.34	   0.51	   1597	   0.00	  
95	  %	  CI	   32	   15	   3	   0.03	   0.01	   26	   #NUM!	  
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Table B.9 – Summary of Microtensile Data for Medium Nitrogen, Electron Beam Weld Metal 

	  	   ID	   0.2%	  YS	   0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

	   	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  

Medium	  
Nitrogen	  
Base,	  
EBW,	  	  
Top	  of	  	  
Weld	  

met1	   532	   557	   810	   0.34	   0.53	   1754	   0.00	  
met2	   524	   555	   812	   0.34	   0.60	   1673	   0.00	  
met3	   -‐	   -‐	   809	   -‐	   -‐	   1544	   -‐	  	  
met4	   546	   570	   812	   0.33	   0.53	   1725	   0.00	  

Average	   534	   561	   811	   0.34	   0.56	   1674	   0.00	  
95	  %	  CI	   13	   9	   1	   0.01	   0.05	   91	   #NUM!	  

Medium	  
Nitrogen	  
Base,	  
EBW,	  	  
Center	  
Weld	  

mew1	   465	   492	   708	   0.39	   0.54	   1469	   0.21	  
mew2	   504	   530	   754	   0.28	   0.45	   1706	   0.22	  
mew3	   490	   511	   735	   0.37	   0.54	   1520	   0.21	  
mew4	   468	   487	   701	   0.34	   0.51	   1488	   0.21	  
Average	   482	   505	   725	   0.35	   0.51	   1546	   0.21	  
95	  %	  CI	   18	   19	   24	   0.05	   0.04	   107	   0.00	  

Medium	  
Nitrogen	  
Base,	  
EBW,	  	  
Root	  
Weld	  

meb1	   562	   597	   842	   0.35	   0.58	   1702	   0.21	  
meb2	   559	   591	   841	   0.35	   0.60	   1680	   0.21	  
meb3	   561	   582	   817	   0.35	   0.61	   1624	   0.21	  
meb4	   568	   595	   846	   0.34	   0.55	   1756	   0.20	  

Average	   563	   591	   837	   0.35	   0.59	   1690	   0.21	  
95	  %	  CI	   4	   7	   13	   0.01	   0.03	   53	   0.00	  
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Table B.10 – Summary of Microtensile Data for Low Nitrogen, Electron Beam Weld Metal 

	  	   ID	   0.2%	  YS	   0.5%	  
YS	   UTS	   eUNIFORM	  

UTS	   eTOTAL	   SHR*	   SHE**	  

	   	  	   MPa	   MPa	   MPa	   mm/mm	   mm/mm	   MPa/mm/mm	   unitless	  

Low	  
Nitrogen	  
Base,	  
EBW,	  
Top	  of	  
Weld	  

let1	   494	   521	   775	   0.31	   0.44	   1827	   0.22	  
let2	   502	   536	   786	   0.34	   0.55	   1677	   0.22	  
let3	   508	   525	   766	   0.34	   0.51	   1686	   0.22	  
let4	   510	   529	   777	   0.36	   0.58	   1645	   0.23	  

Average	   503	   528	   776	   0.34	   0.52	   1709	   0.22	  
95	  %	  CI	   7	   6	   8	   0.02	   0.06	   79	   0.00	  

Low	  
Nitrogen	  
Base,	  
EBW,	  
Center	  
of	  Weld	  

lew1	   487	   507	   722	   0.32	   0.50	   1571	   0.20	  
lew2	   446	   477	   711	   0.42	   0.59	   1475	   0.23	  
lew3	   482	   525	   753	   0.32	   0.50	   1658	   0.20	  
lew4	   497	   520	   739	   0.32	   0.48	   1638	   0.20	  

Average	   478	   507	   731	   0.35	   0.51	   1585	   0.21	  
95	  %	  CI	   22	   21	   18	   0.05	   0.05	   81	   0.01	  

Low	  
Nitrogen	  
Base,	  
EBW,	  	  
Root	  
Weld	  

leb1	   523	   559	   810	   0.35	   0.59	   1659	   0.21	  
leb2	   529	   548	   789	   0.35	   0.56	   1626	   0.21	  
leb3	   519	   538	   776	   0.36	   0.58	   1591	   0.21	  
leb4	   537	   566	   808	   0.35	   0.55	   1686	   0.21	  

Average	   527	   553	   796	   0.35	   0.57	   1640	   0.21	  
95	  %	  CI	   7	   12	   16	   0.01	   0.02	   40	   0.00	  

*SHE is Strain Hardening Exponent for the Hollomon Model 

**SHR is Strain Hardening Rate 

 


