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Abstract   

The effect of stress state and crystallographic texture on strain-induced martensitic 

transformation kinetics in 304L stainless steel (SS304L) components made by additive 

manufacturing was investigated.  Mechanical tests under uniaxial tension, uniaxial compression, 

and pure shear were performed.  Experimental results showed that the rate of strain-induced 

martensitic phase transformation with respect to plastic strain was highest under uniaxial 

compression, followed by uniaxial tension, and lowest under pure shear.  The higher rate of 

phase transformation under uniaxial compression than tension in the additively manufactured 

SS304L contradicts the trends often, but not always, observed in texture-free conventionally 

processed austenitic stainless steels.  The effects of stress state, crystallographic texture, and 

chemistry were combined, for the first time, to develop a new strain-induced martensitic phase 

transformation kinetics equation for additively manufactured SS304L that captures the 

microstructural evolution as a function of plastic strain and these factors.  
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1. Introduction 

Laser-based directed energy deposition (DED) is an additive manufacturing (AM) technique 

that enables the fabrication of near-net shape 3D components from powder feedstock.  During 

this process, a laser beam creates a melt pool in the material beneath it and the powder is 

delivered into the melt pool through nozzles.  As the laser advances, the melt pool rapidly 

solidifies and fuses to the material below [1–3].  One advantage of AM over traditional 

fabrication methods is its ability to fabricate complex shaped components [4,5].  When a 

complex shaped component is subjected to load in a structural application, each location within 

the component may be subjected to a different stress level and multiaxial stress state.  However, 

thus far, for additively manufactured components, only mechanical properties under uniaxial 

tension and compression have been reported in the literature [6–17], which is insufficient for 

describing the mechanical behavior, namely deformation and failure behavior, of the components 

under realistic multiaxial stress states.   

In this study, the deformation induced, or strain-induced, phase transformation of AISI type 

304L austenitic stainless steel (SS304L) fabricated using DED AM was investigated.  

Deformation induced phase transformation from face-centered cubic (fcc) austenite to body-

centered cubic (bcc) α’ martensite results in an increase in macroscopic strain hardening rate 

over that of pure austenite [18–28].  In the strain-induced phase transformation, austenite 
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transforms to α’ martensite through two possible pathways [21,29,30].  In the first pathway, 

austenite first transforms to hexagonal close-packed (hcp) ε martensite, which then transforms to 

α’ martensite.  A stacking fault changes the stacking sequence of the {111} planes in austenite 

from ABCABC to ABABAB, which is the stacking sequence in an hcp structure [31].  The 

overlapping of stacking faults act as nucleation sites for hcp ε martensite, the intersections of 

which serve as nucleation sites for bcc α’ martensite [21,31–33].  In the second pathway, 

austenite directly transforms to α’ martensite [29,30].  The volume fraction of strain-induced α’ 

martensite as a function of plastic strain depends on temperature, chemical composition, texture, 

strain, strain rate, and stress state [19,22,23].  Previous literature has investigated the effect of 

these factors on phase transformation independently, but has not studied the combined effects of 

these factors [24,34–45]. 

The chemical composition dictates the stacking fault energy (SFE) of austenite, which in turn 

influences the propensity for strain-induced martensitic transformation kinetics [31].  Alloying 

elements that increase the SFE of austenite (e.g., carbon, nitrogen, chromium, nickel, silicon, 

manganese, and molybdenum) decrease the width of stacking faults, reducing the number of 

nucleation sites for strain-induced martensite, and increasing austenite stability [19,31,46–48].  

Rafi et al. [49] investigated the effect of nitrogen and argon atmospheres on the microstructure of 

additively manufactured 17-4 PH stainless steel.  Their results showed that when built in a 

nitrogen atmosphere, parts consisted of a mixture of austenite (50-75 vol.%) and α’ martensite 

(25-50 vol.%), but when built in argon, consisted of primarily α’ martensite (92 vol.%), 

indicating that nitrogen stabilized austenite.  A previous study by the authors on SS304L 

fabricated using DED AM showed that in walls made from 100 vol.% SS304L powder that was 

gas atomized in nitrogen, the austenite was stable, and did not transform to α’ martensite with 
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plastic deformation.  Mixing pure iron powder with the gas atomized SS304L powder to 

fabricate new walls resulted in the decreased stability of austenite and the activation of strain-

induced martensitic transformation in these additively manufactured walls with modified 

composition [50,51].   

In additive manufacturing of stainless steel, columnar austenite grains grow along the 

maximum thermal gradient during deposition, which can potentially result in a preferred 

crystallographic texture in these components [52,53].  Texture in austenitic stainless steels may 

significantly impact strain-induced martensitic transformation, because the mechanical driving 

force for phase transformation depends on the orientation of austenite grains [35–37,45].  

Creuziger et al. [45] computed the driving force for textured TRansformation Induced Plasticity 

(TRIP) steels under uniaxial tension, uniaxial compression, plane strain tension, equi-biaxial 

tension, equi-biaxial compression, pure shear, deep drawing, and extrusion, using a criterion 

derived from Schmid’s law.  They concluded that polycrystalline TRIP steels with a predominant 

{110}<11̅ > texture (referred to as brass) or {112}<   ̅> texture (referred to as copper) had 

lower driving forces, and therefore, required higher applied stresses for phase transformation, 

than steels with {001}<100> texture (referred to as cube), under all the stress states studied.  

Similarly, Knijf et al. [37] predicted the driving force for strain-induced martensitic 

transformation, using the work criterion in [45], in a low carbon polycrystalline steel subjected to 

uniaxial tension, and showed that materials with cube and {110}<001> (referred to as Goss) 

texture had higher driving forces for phase transformation under uniaxial tension than those with 

brass and copper textures.  Hilkhuijsen et al. [35,36] investigated strain-induced martensitic 

transformation in both untextured and highly textured stainless steels under uniaxial tension.  

Their results showed the evolution of α’ martensite content with respect to plastic strain was 
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independent of orientation in untextured specimens.  However, for specimens with a mixture of 

copper and Goss textures, more α’ martensite was formed in textured specimens whose loading 

axes were along the rolling direction than along the transverse direction. 

Stress state also impacts strain-induced martensitic transformation in steels with retained 

austenite, but the experimental results reported in the literature are inconsistent as highlighted in 

Table 1 [24,34,38–44,54].  These inconsistencies may stem from differences in crystallographic 

texture of samples, or pollution of experimental measurements due to surface effects and 

limitations of the measurement method, or the effect of strain on magnetic permeability 

measurements as discussed in Section 3.1.   

As experimental investigations are contradictory, the proposed equations to describe the 

transformation kinetics are also diverse.  Olson and Cohen [23] proposed a transformation 

kinetics equation that captured the effect of plastic strain and temperature on annealed 304 

stainless steel under uniaxial tension [19].  Stringfellow et al. [22] expanded this equation by 

incorporating the effect of stress triaxiality, proposing that the rate of strain-induced martensitic 

transformation increases with stress triaxiality.  Their equation was based on experimental data 

under uniaxial tension and compression obtained by Young [55].  Kosarchuk and Lebedev 

[41,56] studied strain-induced martensitic transformation kinetics in austenitic stainless steel 18-

10 subjected to uniaxial tension, uniaxial compression, torsion, and equi-biaxial tension.  Their 

experimental results indicated that stress triaxiality was not the only factor that affected 

martensitic transformation, and they suggested that the phase transformation appeared to also 

depend on the Lode angle parameter.  Beese and Mohr [24] proposed a strain-induced 

martensitic transformation equation for austenitic stainless steel that fully incorporated the effect 

of stress state, by including the dependence on stress triaxiality and Lode angle parameter in 
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addition to plastic strain.   Their data under uniaxial tension, uniaxial compression, plane strain 

tension, and equi-biaxial tension, and proposed and calibrated transformation kinetics equation, 

for untextured austenitic stainless steel 301LN showed that the rate of transformation with 

respect to plastic strain increased with increasing stress triaxiality and Lode angle parameter. 

The strain-induced martensitic phase transformation kinetics in austenitic stainless steels with 

little to no texture under various stress states have been investigated extensively [24,34,38–

43,55–58], but multiaxial stress states investigations on textured austenitic stainless steels have 

not been performed.  The aim of the present study was to investigate the effect of stress state on 

strain-induced martensitic phase transformation in textured SS304L, with two different 

chemistries, deposited by DED AM.  The evolution of α’ martensite volume fraction with plastic 

deformation was quantified using in situ magnetic permeability and neutron diffraction 

measurements during mechanical tests under uniaxial tension, pure shear, and uniaxial 

compression.  For the first time, a strain-induced martensitic phase transformation kinetics 

equation describing the combined effects of stress state, texture, and chemistry on the α’ 

martensite volume fraction as a function of equivalent plastic strain is proposed.  This model was 

calibrated using novel experiments on additively manufactured SS304L.  This newly developed 

transformation kinetics equation can be used to describe the evolution of microstructural phase 

content, which is required for the development of a physically-based plasticity model, as 

described in the companion paper [59], that can describe the constitutive behavior of textured 

austenitic stainless steels. 
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2. Materials 

Two 140 mm long x 104 mm tall x 14 mm thick walls were deposited by laser-based DED 

AM onto annealed 304L stainless steel substrates (ASTM A479 standard [60]) using mixtures of 

pre-alloyed SS304L powder and pure iron powder.  The pre-alloyed SS304L powder was 

fabricated by gas atomization in nitrogen (Carpenter Powder Products, Corp.) with the elemental 

composition shown in Table 2.  The iron powder was fabricated by hydrogen reduction (Atlantic 

Equipment Engineers) and had a purity of 99.8%.  Both SS304L powder and iron powder were 

sieved to a mesh size of +325/-100, corresponding to powder diameters between 45 µm and 145 

µm.  In order to isolate the effect of powder chemistry on the strain-induced austenite-to-

martensite transformation, the same processing parameters were used to fabricate the two walls.  

One wall was built using 80 vol.% SS304L powder mixed with 20 vol.% iron powder, denoted 

as the 80% SS304L wall, and the other was built using 90 vol.% SS304L powder mixed with 10 

vol.% iron powder, denoted as the 90% SS304L wall.   

The two walls were fabricated using a custom-built DED system with a chamber purged with 

ultra-high purity argon to reduce oxygen contamination.  An ytterbium fiber laser (IPG 

Photonics® YLR-12000-L) with a wavelength in the range of 1070 and 1080 nm was used at a 

laser power of 2 kW and a scanning speed of 10.6 mm/s for material deposition.  The powder 

was delivered to the melt pool using a custom-designed four-nozzle delivery system at a powder 

flow rate of 15.5 g/min.  The substrate was placed about 10 mm below the nozzles, 

corresponding to a defocused position of the laser beam, resulting in a beam diameter of 4 mm.  

The walls were fabricated by depositing a 140 mm long bead of material corresponding to the 

length of the wall, with 6 adjacent laser passes, and a hatch spacing of 2.5 mm, resulting in a 

wall thickness of 14 mm.  The vertical layer thickness was about 1.1 mm.  These processing 
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parameters were selected based on a previous study by the authors, for which these parameters 

resulted in fully-dense walls [50]. 

 

3. Experimental Procedure 

3.1. Uniaxial tension 

Uniaxial tension specimens with gauge dimensions of 21.5 mm length, 4 mm width, and 1.5 

mm thickness, in accordance with ASTM E8 [61], were extracted from both walls, along the 

longitudinal direction, using wire electrical discharge machining (EDM), as shown in Figure 1.  

By extracting such thin samples, the residual stresses, which existed in the as-built walls, were 

assumed to be relieved [62].  As shown in previous studies by the authors, location-dependent 

martensitic transformation and mechanical properties were found along the vertical build 

direction of the additively manufactured SS304L walls.  These were determined to be derived 

from variations in chemical composition with vertical position due to preferential elemental 

vaporization with height, and variations in austenite grain size with vertical position due to heat 

accumulation with height [50,51].  Therefore, to eliminate the impact of spatial variations in 

chemistry and grain size in this study, at least three samples were extracted from each wall such 

that the gauge centers of all specimens were at the same height, about 40 mm away from the 

bottom of each wall.  Energy dispersive spectroscopy line scans were performed on a 

longitudinal specimen to confirm that no significant chemical variations were present along the 

length direction of the wall.  Lack-of-fusion pores perpendicular to the vertical build direction 

were observed in the two walls in a previous study by the authors, which lead to early failure, 

significantly reducing the potential for strain-induced martensitic transformation when applied 
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tension is along the build direction [51].  Therefore, only longitudinal tension specimens were 

examined in the current study. 

The amount of strain-induced martensite, with increased deformation, in the test specimens 

was quantified by magnetic permeability measurements using a feritescope (Fisher Feritescope 

FMP 30), which incorporates contributions from all ferromagnetic phases present.  The as-

deposited SS304L contained paramagnetic austenite and ferromagnetic ferrite (less than 2 

vol.%).  When SS304L is subjected to plastic deformation, strain-induced martensitic 

transformation may occur, while the ferrite will not undergo a solid-state phase transformation.  

As ε martensite is paramagnetic, any increase in magnetic permeability corresponds to the 

increase in α’ martensite volume fraction [22,63–65].   

An important experimental consideration when measuring α’ martensite using magnetic 

permeability is the fact that when elastically deformed under tension, the magnetic permeability 

of ferromagnetic materials is reduced due to the rotation and reorientation of magnetic domains 

with applied stress.  This is referred to as negative magnetostriction or the Villari effect [66].  

Therefore, magnetic permeability measurements must be conducted on macroscopically stress-

free specimens to reduce the influence of the Villari effect on the feritescope measurements [67].  

In this study, periodic loading/unloading tests were used to quantify the evolution of α’ 

martensite using magnetic permeability as the measurement method.  Specifically, the uniaxial 

tension specimens were loaded to 7% engineering strain, unloaded to zero stress, at which point 

the magnetic permeability was measured, and reloaded to an additional 7% engineering strain.  

The corresponding true stress-strain curves for periodic loading/unloading tests are given in [51].  

This loading, unloading, and measurement procedure was used to ensure that the samples were 

macroscopically stress-free for the measurement of α’ martensite. 
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Uniaxial tension tests with in situ feritescope measurements were performed using an 

electromechanical testing frame (Instron 4202, 10 kN load cell).  Each specimen was loaded 

under displacement control at a strain rate of 1.2 x 10
-3

 /s.  Digital image correlation (DIC) was 

used to compute strains (Vic2D, Correlated Solutions).  For DIC, a white background and a 

random black speckle pattern were painted onto the specimen gauge region before each test.  A 

digital camera (Point Grey GRAS-50S5M-C) recorded images of the deforming gauge region at 

a rate of 1 Hz.  The surface deformation fields were computed from the digital images using a 

cubic B-spline interpolation algorithm with a subset of 21 pixels and step size of 5 pixels, 

resulting in a virtual strain gauge size of 56 pixels or 1.5 mm [68].  A 21 mm long vertical virtual 

extensometer was used to compute axial strain in each specimen.   

In order to measure the evolution of α’ martensite content during loading/unloading tests, the 

feritescope probe was held perpendicular to the gauge of specimen and in direct contact with 

surface during the test.  The feritescope measures the magnetic permeability of a finite volume of 

material, which is approximately a cylinder measuring 5 mm in diameter and 2 mm in depth 

[69].  If the width of the sample decreases below 4 mm, or the thickness decreases below 2 mm, 

the output of the feritescope, SFe,m, must be corrected by a width correction factor, a, and a 

thickness correction factor, b [67,69].  The volume fraction of α’ martensite, c, can be computed 

from the feritescope output as [67]: 

                      
        

                                                                                    (1) 

where       
 

 is the feritescope reading (units of vol.% ferrite), which is indicative of the volume 

fraction of ferromagnetic material;       
  is the measured initial volume fraction of ferromagnetic 

material in the undeformed specimen; and k=1.8 is the conversion factor from the feritescope 

output to the volume fraction of α’ martensite [51].    
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3.2. Pure shear 

Specimens with a reduced thickness gauge section, shown in Figure 2 [70], were used to 

perform tests under pure shear.  With this geometry, the gauge length along the x direction is 10 

times larger than the height in the y direction, resulting in a nearly zero strain along the x 

direction, or a plane strain condition.  The gauge thickness along the z direction is 0.5 mm, 

resulting in the relieving of residual stresses upon extraction of these thin specimens [62].  Three 

shear specimens were extracted using wire EDM from each additively manufactured wall such 

that the gauge centers were 40 mm from the bottom of the walls. 

Shear tests were performed using a custom-built dual actuator hydraulic test frame (MTS 

Systems Corp.) shown schematically in Figure 3.  In this system, the vertical force is measured 

by two 100 kN load cells and the horizontal force by a 50 kN load cell.  In pure shear tests, 

displacement control was used to apply a horizontal strain rate of 1.3 x 10
-3

 /s, while the vertical 

force was set to zero, which provides a pure shear loading state [70].  The evolution of α’ 

martensite content with respect to plastic strain in the shear tests was measured using magnetic 

permeability measurements during periodic loading/unloading tests, in which increments of 6% 

horizontal engineering strain were used with a procedure similar to that for uniaxial tension 

described in Section 3.1.  DIC was used to calculate strains in the gauge region of each 

specimen.  A subset of 25 pixels and a step size of 6 pixels were used, resulting in a virtual strain 

gauge size of 67 pixels or 0.8 mm [68].  The vertical and horizontal strains were measured using 

3 mm long virtual vertical and horizontal extensometers. 

3.3. Uniaxial compression 

Cylindrical specimens measuring 8 mm in diameter and 16 mm long were used to 

characterize the compressive behavior of the additively manufactured material.  Three 
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longitudinal and three transverse specimens were extracted, using wire EDM, from a height of 40 

mm from the bottom of each wall, as shown in Figure 1.  No notable residual stresses were found 

in the specimens.  Monotonic uniaxial compression tests were conducted at a strain rate of 1.5 x 

10
-5

/s with in situ neutron diffraction on the VULCAN instrument at the Spallation Neutron 

Source at Oak Ridge National Laboratory [71–73].  The VULCAN instrument has two detector 

banks that collected diffraction patterns from grains whose hkl-specific lattice planes were 

perpendicular to the axial and normal directions, as schematically shown in Figure 4.  The d-

spacings and integrated intensities of hkl-specific lattice planes from austenite (γ, fcc) and strain-

induced martensite (α’, bcc) were measured to compute the volume fractions of austenite and α’ 

martensite using the internal standard method described below [74]. 

The intensity of an hkl-specific peak in austenite, Ihkl,γ, is expressed as: 

       
          

(
 

 
)
 

                                                                                                                     (2) 

where Ke is an experimental system constant; Vγ is the volume fraction of austenite; (
 

 
)
 

 is the 

mass absorption coefficient in SS304L; and Khkl γ is a constant for an hkl-specific peak in 

austenite, given as: 

       
 

  
       |      |

 
                                                                                                (3) 

where Mhkl γ is the multiplicity, which is the number of identically spaced planes in a hkl-specific 

family; vγ is the volume of a unit cell of austenite; Fhkl γ is the structure factor; Lhkl γ is the Lorentz 

factor, which equals to dhkl γ 
4
sin θ, in which θ is 45

o
 in the neutron diffraction setup and dhkl γ is 

the lattice spacing; and Ohkl α is the texture correction factor. 

From Eqn. (2), the internal standard method gives that the relative volume fractions of the 

two phases are: 
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                                                                                                                       (4) 

where Vα’ is the volume fraction of α’ martensite; Khkl α’ is a constant for an hkl-specific peak in 

α’ martensite; and Ihkl,α’ is an hkl-specific peak intensity in α’ martensite.  

To confirm the internal standard method measurements, the phase fractions were also 

calculated using Rietveld refinement for a transverse compression specimen from the 90% 

SS304L wall.  For this analysis, the General Structural Analysis Software (GSAS), which takes 

into account sample texture, was used to determine the phase fractions [75,76].   

3.4. Magnetic saturation  

The most accurate method for quantifying the volume fraction of a ferromagnetic phase in a 

sample is magnetic saturation measurements, as this technique is not affected by the size, texture, 

or surface preparation of the sample, nor elastic strains within the sample [67].  In this method, a 

ferromagnetic specimen is placed in a magnetic field, and it becomes magnetized as the magnetic 

dipoles in the sample align parallel to the applied field.  The magnetic induction of the specimen 

increases with the strength of the applied magnetic field until it reaches a saturation value.  As 

the saturation magnetization of α’ martensite is 154 emu/g [77], the volume fraction of 

ferromagnetic material in the samples equals the saturation magnetization of the sample divided 

by 154 emu/g.  In order to validate the α’ martensite content determined by magnetic 

permeability measurements, magnetic saturation measurements were performed using a 

sigmameter (SETARAM Sigmameter D6025) on two deformed specimens with different 

amounts of equivalent plastic strain.  The α’ martensite content was obtained by subtracting the 

volume fraction of ferrite, which was under 2% in each specimen, from the computed volume 

fraction of ferromagnetic material.  The α’ martensite volume fraction measured by the 

feritescope was compared to that measured by magnetic saturation (via a sigmameter) as shown 
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in Figure 5.  The 1:1 ratio of these measurements indicates that the width- and thickness-

corrected magnetic permeability measurements, and the conversion factor of k = 1.8 in Eqn. (1) 

are accurate.   

3.5. Texture determination  

In the present study, inverse pole figures were used to represent the crystallographic texture.  

The integrated peaks of (111), (200), (220), (311), (222), (331), (420), and (531) from austenite 

in a transverse compression specimen during plastic deformation were obtained from in situ 

neutron diffraction patterns.  Based on the experimental data, a quasi-Monte Carlo method 

coupled with the barycentric interpolation was used to determine the inverse pole figures [78].  

Reference samples made from scrap powder detached from a similar material plate were used to 

normalize the intensities of diffraction peaks. 

3.6. Chemical and microstructural analysis 

The elemental compositions of the as-deposited material from both walls, 40 mm above the 

baseplate, were measured (Element Materials Technology, Newtown, PA) as shown in Table 2.  

The carbon and sulfur contents were measured using combustion testing, and the nitrogen 

content was measured using inert gas fusion (ASTM E1019 [79]).  The remaining elements were 

measured using optical emission spectrometry (ASTM E1086 [80]). 

The microstructure of a representative uniaxial tension specimen from the 90% SS304L wall 

was characterized using electron backscatter diffraction (EBSD; Oxford Nordlys Max2).  

Specimens were polished using standard metallurgical techniques with a final polishing step 

using 0.05 m colloidal silica for grain observation.  
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4. Results and discussion 

4.1. Effect of direction on strain-induced martensitic transformation 

In uniaxial compression tests, the evolution of α’ martensite content with respect to plastic 

strain was computed using the internal standard method from neutron diffraction (Eqns. (2) - 

(4)).  Figure 6 shows neutron diffraction patterns from a transverse cylindrical specimen from the 

90% SS304L wall before and after 27% plastic deformation.  The volume fraction of 

ferromagnetic material in the as-built sample was measured to be below 2%, as demonstrated by 

the low intensities of bcc peaks in the diffraction pattern before plastic deformation in Figure 6.  

The increase in bcc peak intensities after plastic deformation is the result of newly formed strain-

induced α’ martensite.   To quantify the amount of α’ martensite formed using the internal 

standard method, the (220) and (200) peaks from fcc austenite, and (211) and (200) peaks from 

bcc α’ martensite were used, per ASTM E975 [81].   As a validation of this approach, the α’ 

martensite content evolution in a 90% SS304L transverse compression specimen computed using 

the internal standard method is compared to that computed using Rietveld refinement in Figure 

7.  The good agreement between the two curves confirms the accuracy of the internal standard 

method for calculating α’ martensite content under uniaxial compression. 

Figure 8 shows the volume fraction of α’ martensite as a function of plastic strain in 

longitudinal and transverse specimens from the 90% SS304L wall under uniaxial compression, 

showing that there is no notable anisotropy in the strain-induced martensitic transformation 

kinetics of this material.   

4.2. Effect of stress state and texture on strain-induced martensitic transformation 
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Strain-induced martensite evolution curves for longitudinal specimens from the two walls 

under uniaxial tension, pure shear, and uniaxial compression are given in Figure 9.  As shown in 

Figure 9, in a single wall, the slope of the austenite-to-α’ martensite transformation kinetics 

curve, or the rate of martensitic transformation with respect to plastic strain, is the highest under 

uniaxial compression, followed by uniaxial tension, and lowest under pure shear.  The finding of 

a higher rate of transformation under compression than tension in additively manufactured 

SS304L contradicts most of the data on phase transformation in texture-free materials.  

Representative EBSD maps from the 90% SS304L wall are given in Figure 10.  As shown in 

Figure 10, columnar austenite grains tend to grow along the vertical build direction, or along the 

maximum thermal gradient during deposition, which may result in a preferred crystallographic 

texture in the component [52,53,82].  As shown in the inverse pole figures of a transverse 

compression specimen in the present study in Figure 11, the predominant texture of the walls 

studied here was {111} <11̅ >, in which <11̅ > was parallel to the transverse (build) direction 

within the wall, and <111> was parallel to the longitudinal direction within the wall.  The 

predominant texture did not change after plastic deformation (see Figure 11).  It has been shown 

previously that texture in austenitic stainless steels affects the austenite-to-α’ martensite 

transformation under uniaxial tension [35,36]. 

The strain-induced α’ martensite is transformed directly from austenite or from the 

intermediate  martensite phase [21,29,30].  There are 24 variants for the austenite-to-α’ 

martensite transformation, and 12 variants for the austenite-to- martensite transformations 

[83,84].  The driving force of martensitic transformation for the i
th

 variant, wi, can be calculated 

by [45]: 

                                                                                                                                      (5) 
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where    is the applied stress tensor in the coordinate system of an austenite unit cell; ni is the 

habit plane normal; and si is the shear direction of the i
th

 variant.  The driving force is the stress 

needed for phase transformation from austenite to α’ or  martensite for a single variant.  It has a 

similar mathematical form as the critically resolved shear stress, as Eqn. (5) is derived from 

Schmid’s law [85]. The vectors, ni and si, correspond to each variant, and in austenite-to-α’ 

martensite transformation, they also depend on the lattice parameters of austenite and α’ 

martensite [83].  Through neutron diffraction, the lattice parameter for fcc austenite was 

determined to be 0.358 nm, and that for bcc α’ martensite, 0.287 nm.  An example of ni and si 

values for one variant, calculated using Eqn. (5) and the approach in [45],  is (0.585, 0.788, 

0.190) [-0.149, 0.161, -0.048] for the austenite-to-α’ martensite transformation and (0.144, 0.144, 

-0.289) [0.577, 0.577, 0.577] for the austenite-to- martensite transformation, which match well 

with the vectors reported in literature [29,30].  The cubic symmetry operator was applied to 

(0.585, 0.788, 0.190) [-0.149, 0.161, -0.048] to calculate the vectors for the rest of the variants 

for the austenite-to-α’ martensite transformation.  The hexagonal symmetry operator was applied 

to (0.144, 0.144, -0.289) [0.577, 0.577, 0.577] to calculate the vectors for the variants for the 

austenite-to- martensite transformation.   

In order to transform the applied stress tensor into the austenite coordinate system (or that of 

the textured component), the following equation is used: 

                                                                                                                                    (6) 

where   is the stress tensor in the specimen coordinate system; and R is the rotation matrix given 

as: 

  [
                 
              
                           

] [
                           
                   
              

] [
                 
              
                           

]                                          (7) 
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where   ,  , and    are Euler angles between the specimen and austenite coordinate systems. 

For a given stress state, the austenite-to-martensite variant with the highest driving force has 

the highest probability of transformation [35,36,45].  Therefore, the driving force for phase 

transformation in austenite grains, W, as a function of the three Euler angles, is: 

                                                                                                                (8) 

To compare the driving forces under uniaxial tension, pure shear, and uniaxial compression, 

for the preferred crystallographic texture seen here, normalized stress states were defined such 

that the non-dimensional von Mises equivalent stress of each stress state was 1.  The resulting 

stress tensors for uniaxial tension,    , pure shear,       , and uniaxial compression    , are: 

    [
       
       
       

];        [

   
 

√ 
   

 

√ 
       

           

]       [
        
           
           

]                                                     (9) 

Using Eqns. (5) – (9), the orientation distribution plots of the non-dimensional mechanical 

driving forces for austenite-to-α’ martensite and austenite-to- martensite transformations under 

the three stress states on the section of     = 45° are shown in Figures 12 and 13.  The initial 

preferred texture for transverse specimens, using the notation of {normal direction} <loading 

direction>, was {111} <11̅ >, corresponding to (0°, 55°, 45°).  The initial preferred texture for 

longitudinal specimens was {11̅ } <111>, corresponding to (35°, 90°, 45°).  The non-

dimensional mechanical driving forces for specimens with initial preferred textures of (0°, 55°, 

45°) and (35°, 90°, 45°) under uniaxial tension, pure shear, and uniaxial compression are given in 

Table 3.  As shown in Table 3, under uniaxial compression, the non-dimensional mechanical 

driving forces for both martensitic transformations in longitudinal and transverse specimens with 

the preferred texture in this study are similar.  This is consistent with the curves in Figure 8, 
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which show no notable anisotropy in martensitic transformation.  The longitudinal and transverse 

specimens have different crystallographic textures, but martensitic transformation kinetics is 

approximated to be isotropic, as the driving forces for phase transformation, which depend on the 

combined effects of stress state and texture, are similar for longitudinal and transformation 

specimens under uniaxial compression.  In the longitudinal orientation, compared to the driving 

force for austenite-to- martensite transformation, the driving force for austenite-to-α’ martensite 

transformation is much smaller under uniaxial tension and pure shear, but close under uniaxial 

compression for the preferred texture seen here.  This implies that the austenite-to- martensite 

transformation is dominant under uniaxial tension and pure shear, and both austenite-to- 

martensite and austenite-to-α’ martensite transformations may occur under uniaxial compression.  

The stress state- and texture-dependent phase transformation paths affect the driving force for 

martensitic transformation.  Further work, beyond the scope of this study, is required to 

determine the driving force for  martensite-to-α’ martensite transformation and the actual phase 

transformation pathway for materials with texture studied under various stress states. 

4.3. Effect of chemistry on strain-induced martensitic transformation 

The elemental compositions of the two SS304L walls, given in Table 2, affect the rate, with 

respect to plastic strain, and saturation values, of strain-induced martensitic transformation 

kinetics in the materials, as shown in Figure 9.  Under the same stress state, the slopes and 

saturation values of the transformation kinetics curves are higher in specimens from the 80% 

SS304L wall than those from the 90% SS304L wall.  With an increase in the volume fraction of 

iron powder, the relative content of elements that stabilize austenite against the strain-induced 

transformation to martensite (silicon, manganese, chromium, and nickel) decreases [51].  

Therefore, compared to the 90% SS304L wall, austenite is less stable, resulting in a higher rate 
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of transformation to, and a higher saturation value of, α’ martensite in the 80% SS304L wall.  

The effect of chemistry, which was studied in detail in [51], is taken into account in the newly 

proposed transformation kinetics equation presented in Section 4.4.1. 

4.4. Strain-induced martensitic transformation kinetics equation 

4.4.1. Existing strain-induced martensitic transformation kinetics equation 

Santacreu et al. [86] proposed the following stress state-independent phase transformation 

kinetics equation to describe the evolution of α’ martensite volume fraction as a function of 

plastic strain in conventionally processed austenitic 301LN stainless steel: 

 

    
      { [    ̅ ]

 }                                                                                                 (10) 

where cmax is the saturation value of the volume fraction of strain-induced α’ martensite that can 

be transformed from austenite; n and D are material constants;   ̅ is the equivalent plastic strain.  

Here,   ̅ is taken to be   ̅ 
  due to the isotropy of the strain-induced martensitic transformation 

kinetics (Figure 8).  The parameters n and D describe to the rate of martensitic transformation 

with respect to plastic strain, where a small value of n and a large value of D correspond to a 

high rate of phase transformation with respect to plastic strain.   

The strain-induced martensitic transformation kinetics curves in the two SS304L walls are 

affected by stress state, as shown in Figure 9.  Therefore, a stress state-dependent strain-induced 

martensitic transformation kinetics equation is required.  Beese and Mohr [24] expanded the 

transformation kinetics equation in Eqn. (10) by incorporating the effect of stress state, where the 

stress state can be described by the stress triaxiality, η, and Lode angle parameter,  ̅.  Stress 

triaxiality, η, is defined as: 

  
  

   
                                                                                                                                  (11) 
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where σm is the hydrostatic stress, which is proportional to the first invariant, I1, of stress tensor, 

 ; and     is the von Mises equivalent stress, which is a function of the second invariant, J2, of 

the deviatoric stress tensor, s, given as: 

   
 

 
   

 

 
      and     √    √

 

 
     .                                                              (12) 

The Lode angle parameter,  ̅, is a function of the second and third invariants of the deviatoric 

stress tensor, J2 and J3, and is given as: 

 ̅    
 

 
       

 √ 

 

  

√  
 
) and J3 = det (s).                                                                    (13) 

The material parameter D in Eqn. (10) may be expressed as a function of stress triaxiality and 

Lode angle parameter as [24]: 

             ̅                                                                                                           (14) 

where D0, aη, and aθ are material parameters; and aη and aθ  describe the contributions of stress 

triaxiality and Lode angle parameter to phase transformation.   

The stress state-dependent strain-induced martensitic transformation kinetics equation 

proposed by Beese and Mohr [24] is chosen as a starting point for additively manufactured, or 

textured, SS304L.  The effect of chemistry on transformation kinetics is considered through its 

impact on cmax and n, whose dependence on chemistry for this material was defined and 

calibrated in [51].  The equation proposed by Beese and Mohr [24] describes the transformation 

rate in terms of stress triaxiality and Lode angle parameter.  The equation, calibrated in their 

study for a texture-free austenitic stainless steel, captured the fact that material loaded under 

uniaxial tension had the highest transformation rate, followed by that loaded under pure shear 

and uniaxial compression in that material.  These trends were explained by the fact that the 

tensile normal stress acting on the maximum shear plane, which aids strain-induced martensitic 
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transformation [20], increases with stress triaxiality and Lode angle parameter in an untextured 

material [24].  In contrast to the nearly isotropic material with equiaxed grains studied in [24], 

this study investigates materials with elongated grains with preferred crystallographic texture, 

requiring a new transformation kinetics equation that incorporates the effect of texture. 

4.4.2. Proposed strain-induced martensitic transformation kinetics equation 

As shown in Figure 9, the rate of strain-induced martensitic transformation with respect to 

plastic strain in the present study from high to low is: uniaxial compression, uniaxial tension, and 

pure shear.  The anomaly in the present data compared to data for isotropic stainless steel may 

result from the combined effects of stress state and texture.  In order to capture the effect of 

texture, Eqn. (14) is modified to give: 

              ̅      ̅
                                                                                  (15) 

where aθ1 and aθ2 describe the contributions of Lode angle parameter to phase transformation; W 

is the non-dimensional mechanical driving force for austenite-to-α’ martensite phase 

transformation, which depends on texture and applied stress; and the constant aW describes the 

effect of W on the rate of phase transformation.  Here, a first approximation is made that the 

impacts of stress state and preferred crystallographic texture can be considered independently 

and added together.  Further work, beyond the scope of this study, is required to further 

investigate and fully justify this approximation; however, the goal here is to provide a framework 

for describing the experimentally observed coupling between stress state and texture.  

Furthermore, the calibrated value of aW applies only to the longitudinal samples with the 

preferred texture observed here. The calibrated value of aW would change with increased or 

decreased texture, and its purpose is simply to describe the enhancement or muting of phase 

transformation due to any crystallographic preferred texture.   
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The initial values of stress triaxiality, η, and Lode angle parameter,  ̅, for the tests performed 

in the present study are given in Table 4.  The parameters, D0, aη, aθ1, aθ2, and aW  were calibrated 

using experimentally measured curves under uniaxial tension, pure shear, and uniaxial 

compression from the 80% and 90% SS304L walls, with the calibrated values given in Table 5.  

As shown in Figure 9, the calibrated transformation kinetics equation is able to capture the 

experimentally measured strain-induced martensite evolution as a function of plastic strain, 

texture, stress state, and chemistry.   

The existing transformation kinetics equations in previous studies only consider the effect of 

stress state, texture, or chemistry on strain-induced martensitic transformation independently 

[22–24,41,51,56,86].  However, the newly proposed transformation kinetics equation, calibrated 

using data under uniaxial tension, uniaxial compression, and pure shear for the textured SS304L 

in the present study, successfully combines the effects of stress state, chemistry, and texture 

together.  Explicit consideration of the combined effects of these factors is necessary to describe 

microstructural evolution in additively manufactured austenitic stainless steels. 

 

5. Summary and conclusions 

Two 304L stainless steel walls with different initial powder compositions were fabricated 

using DED AM and subjected to mechanical loading (uniaxial tension, uniaxial compression, 

and pure shear) to investigate the effects of stress state and chemistry on strain-induced 

martensitic phase transformation in samples with preferred crystallographic texture.  The primary 

results of this work are: 

 In both additively manufactured SS304L walls studied here, the rate of strain-induced 

martensitic transformation with respect to plastic strain was highest under uniaxial 
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compression, followed by uniaxial tension, and lowest under pure shear.  This result 

contradicts most of the reported findings of stress state-dependent strain-induced 

martensitic transformation in texture-free materials, which may be due to the combined 

effects of stress state and preferred crystallographic texture in the current materials.   

 The strain-induced martensitic transformation kinetics also depend strongly on chemistry.  

Under the same stress state, the additively manufactured SS304L wall with a lower 

austenite stability (higher volume fraction of iron) had a higher rate of strain-induced 

martensitic transformation (with respect to plastic strain), and a higher saturation value of 

strain-induced martensite volume fraction.   

 Based on the experimental findings of this study, a stress state-, texture-, and chemistry-

dependent strain-induced martensitic transformation kinetics equation is proposed for 

SS304L.  In a single wall, in addition to stress state itself (defined by stress triaxiality and 

Lode angle parameter), the rate of strain-induced martensitic transformation with respect 

to plastic strain depends on the driving force for austenite-to-α’ martensite 

transformation, which depends on the combined effects of stress state and 

crystallographic texture.  The newly proposed transformation kinetics equation is able to 

capture the combined effects of stress state, texture, and chemistry on the strain-induced 

phase transformation.  A model of the microstructural evolution with these factors and 

plastic strain is used for the development of a physically-based plasticity model described 

in the companion paper [59], which captures the constitutive behavior of textured 

austenitic stainless steels. 
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Figure 1. Photograph of the additively manufactured wall with a schematic representation of the 

positions from which uniaxial tension, shear, and uniaxial compression samples were extracted.  

Here, L is the longitudinal direction, T is the transverse, or build direction, and z is the thickness 

direction. 
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Figure 2. Specimen geometry for pure shear tests (units: mm), adapted from [70]. 
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Figure 3. Schematic of the dual actuator hydraulic test frame for multiaxial testing. 
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Figure 4. Schematic of a compression test with in situ neutron diffraction, in which diffraction 

patterns along axial and normal directions were collected. 
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Figure 5. Volume fraction of α’ martensite, c, measured by magnetic saturation versus c 

measured by magnetic permeability. 
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Figure 6. Neutron diffraction patterns, along the loading direction of a transverse specimen from 

the 90% SS304L wall, before and after uniaxial compression to 27% engineering strain. 
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Figure 7. Volume fraction of α’ martensite, c, as a function of von Mises equivalent plastic 

strain,   ̅ 
 , determined by the internal standard method and Rietveld refinement in a transverse 

compression specimen from the 90% SS304L wall. 
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Figure 8. Volume fraction of α’ martensite, c, as a function of von Mises equivalent plastic 

strain,   ̅ 
 , for longitudinal and transverse specimens from the 90% SS304L wall under uniaxial 

compression. 
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Figure 9. Volume fraction of α’ martensite, c, as a function of von Mises equivalent plastic 

strain,   ̅ 
 , in longitudinal specimens from the (a) 80 % SS304L wall and (b) 90% SS304L wall 

under uniaxial tension, pure shear, and uniaxial compression.  Symbols correspond to 

experimental data and lines correspond to the calibrated transformation kinetics equation. 
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Figure 10. EBSD map of a cross-section whose normal is parallel to the thickness direction of 

the 90% SS304L wall.  Here, L is the longitudinal direction, T is the transverse, or build 

direction, and z is the thickness direction.  The colors represent hkl-specific plane normals 

coming out of the page. 
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Figure 11. Inverse pole figures, determined by neutron diffraction, for a transverse compression 

specimen from the 90% SS304L wall with crystal directions parallel to the (a) loading, or 

transverse, direction, (b) normal, or longitudinal, direction before plastic deformation, and (c) 

loading direction, and (d) normal direction after 27% plastic deformation. 
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Figure 12. Orientation distribution plots of non-dimensional mechanical driving force for 

austenite-to-α’ martensite transformation on the section of     = 45° for (a) uniaxial tension, (b) 

pure shear, and (c) uniaxial compression. The orientations of longitudinal specimens are marked 

with open symbols at (35°, 90°, 45°).  The orientations of transverse specimens are marked with 

solid symbols at (0°, 55°, 45°). 
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Figure 13. Orientation distribution plots of non-dimensional mechanical driving force for 

austenite-to- martensite transformation on the section of     = 45° for (a) uniaxial tension, (b) 

pure shear, and (c) uniaxial compression. The orientations of longitudinal specimens are marked 

with open symbols at (35°, 90°, 45°).  The orientations of transverse specimens are marked with 

solid symbols at (0°, 55°, 45°). 
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Table 1.  Comparison of findings on the effect of stress state on strain-induced phase 

transformation in existing literature.  The relative amounts of newly formed α’ martensite are 

represented by the number of plus symbols. 

Reference Material 
Processing 

condition 

Uniaxial 

tension 

Uniaxial 

compression 
Shear 

Equi-

biaxial 

tension 

Plane 

strain 

tension 

Texture 

α’martensite 

measurement 

technique 

Cina, 1954 

[34] 

Steels containing 

18-25% chromium 

and 8-12% nickel 

NR* ++ +    NR 

X-ray 

diffraction, 

magnetic 

balance 

Powell et al., 

1958 [38] 

301 and 304 

stainless steels 
NR ++ + +   NR 

Density 

measurement 

Hecker et al. 

and Murr et 

al., 1982 

[39,40] 

304 stainless steel Annealed +   ++  NR 

Magnetic 

permeability, 

magnetic 

saturation 

Young, 1988 

[55] 

Steels containing 

16% chromium and 

10% nickel 

NR ++ +    NR 
Magnetic 

moment 

Kosarchuk 

et al., 1989 

[41] 

Steels containing 

16% chromium and 

10% nickel 

Annealed ++   +  NR 
X-ray 

diffraction 

Demania, 

1995 [87] 
304L stainless steel Cold rolled ++    + NR 

Magnetic 

moment 

Miller and 

McDowell, 

1996 [88] 

304L stainless steel Annealed  ++ +   NR 
Magnetization 

studies 

Iwamoto et 

al.,1998 [42] 
304 stainless steel Annealed 

++ (strain 

<20%) 

+ (strain 

<20%) 

   NR 

Scanning 

electron 

microscopy 

+ 

(strain >2

0-40%) 

++ 

(strain >20-

40%) 

Lebedev and 

Kosarchuk, 

2000 [56] 

Steels containing 

18% chromium and 

10% nickel 

Hot rolled +++ + ++   NR 

X-ray 

diffraction, 

optical 

microscopy 

Shin et al., 

2003 [89] 
304 stainless steel Annealed + ++ +++   NR 

Magnetic 

permeability 

Yu et al., 

2006 
TRIP 600 steel Cold rolled +   ++ +++ NR 

X-ray 

diffraction 

Perdahcioglu 

et al., 2008 

[90] 

A564 stainless steel NR   +  ++ NR 
Magnetic 

sensor 

Nanga et al., 

2009 [91] 

301LN and 201 

stainless steels 

Cold rolled 

and annealed 
+++  + +++ ++ NR 

Magnetic 

saturation 

Beese and 

Mohr, 2011 

[24] 

301LN stainless 

steel 

Temper 

rolled 
++++ +  ++ +++ 

Negligib

le 

Magnetic 

permeability 

Han and 

Yuan, 2013 

[54] 

304 stainless steel Annealed ++ +    NR 
Magnetic 

permeability 

Kim et al., 

2015 [44] 
TRIP 718 steel NR +  ++  +++ NR 

Magnetic 

permeability 

Wang and 

Beese, 

current study 

80% SS304L Additively 

manufactured 
++ +++ +   

{111} 

<11̅ > 

Magnetic 

permeability 
90% SS304L 

*NR in the table indicates not reported. 
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Table 2. Elemental composition (wt.%) of the pre-alloyed SS304L powder and the additively 

manufactured 80% and 90% SS304L walls. 

 C N Si Mn Cr Ni Mo Fe 

SS304L powder 0.01 0.08 0.50 1.50 19.0 10.3 0.01  balance 

80% SS304L wall 0.01 0.09 0.63 1.27 16.73 9.08 0.05 balance 

90% SS304L wall 0.01 0.09 0.70 1.31 17.05 9.47 0.05 balance 

 

Table 3. Non-dimensional mechanical driving force for martensitic transformation for the stress 

states studied.  

  

Mechanical driving force for 

austenite-to-α’ martensite 

transformation 

Mechanical driving force for 

austenite-to- martensite 

transformation 

Uniaxial 

tension 
Longitudinal 0.035 0.11 

Pure shear - 0.086 0.20 

Uniaxial 

compression 

Longitudinal 0.019 0.056 

Transverse 0.020 0.083 

 

Table 4. Initial stress triaxiality, η, and Lode angle parameter,  ̅, for the stress states studied. 

 Uniaxial tension Pure shear Uniaxial compression 

η 0.33 0 -0.33 

 ̅ 1 0 -1 

 

Table 5. Calibrated parameters for the strain-induced phase transformation kinetics equation for 

the 80% and 90% SS304L walls. 

 D0 aη aθ1 aθ2    D 

Uniaxial tension 

2.7 3.0 -1.8 1.4 1.6 

3.4 

Pure shear 2.8 

Uniaxial compression 4.9 
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Data Availability 

All relevant data are available from the authors.  
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