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Abstract 

This study presents a method for designing a computationally informed gradient pathway 

to fabricate a functionally graded material (FGM) with terminal alloys of 316 stainless steel 

(SS316) and Ti-6Al-4V via directed energy deposition additive manufacturing with powder 

feedstock.  The grading is accomplished through the introduction of intermediate elements and 

alloys (Ni-20Cr, Cr, and V) to avoid the brittle Fe-Ti intermetallic phases that form in the direct 

liquid phase joining of Ti-alloys and stainless steels.  Using a combination of equilibrium 

calculations and Scheil-Gulliver simulations, a compositional pathway was designed to avoid 

deleterious phases.  FGM samples were fabricated and experimentally characterized to determine 

the viability of the pathway.  A change in phases from fcc to bcc was predicted to occur within 

the Ni-20Cr/Cr gradient region, and this was validated through experimental characterization. No 
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detrimental phases (intermetallic, Laves, or σ phases) formed along the gradient path, 

demonstrating a successful computationally-informed design and fabrication of an FGM from 

SS316 to Ti-6Al-4V.  
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1. Introduction 

Functionally graded materials (FGMs) made by additive manufacturing (AM) have 

compositions, mesostructures, and/or microstructures that vary as a function of position [1–3], 

resulting in spatial variation in properties (e.g., mechanical, thermal, magnetic) [2,4,5].  FGMs 

have the potential to be used as an alternative to more conventional ways of combining 

dissimilar materials, e.g., through welding, mechanical fasteners, or interlocks, which present 

local abrupt changes in properties.  FGMs also have the potential to enable the fabrication of 

multifunctional components with specially designed spatially tailored properties, as has been 

discussed in recent review papers [1,2]. 

The joining of stainless steel and titanium alloys is of interest in the aerospace [6,7] and 

nuclear industries [8,9] for the strength and corrosion resistance of both alloys, as well as 

titanium’s low density, which providing avenues for lightweighting; however, combining 

stainless steel with titanium and its alloys through liquid phase joining and friction stir welding, 

has been shown to be problematic due to the formation of intermetallic phases during liquid 

phase mixing of these two alloy systems [7,8,10–13]. These intermetallic phases (e.g., B2 and 

Laves_C14 phases), commonly result in cracking and/or delamination during the fabrication 

process [1,14–17]. Even samples that have no major defects in the as-built condition can have 

cracks form during post-processing heat treatments due to growth of detrimental phases or 

additional thermal stresses [18].  

Sahasrbudhe et al. [14] examined directly joining Ti-6Al-4V and stainless steel 316 L 

(SS316L) using directed energy deposition (DED). X-ray diffraction (XRD) analysis revealed 

the presence of FeTi (B2), Fe2Ti, and Cr2Ti (Laves) intermetallic phases at the interface between 

SS316 and Ti-6Al-4V, which resulted in microcracks. In order to mitigate the effects of directly 
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joining Ti and Ti-alloys with stainless steel, intermediate elements have been studied as potential 

buffer layers to prevent the direct liquid mixing of Ti and Fe that results in intermetallic phase 

formation. Examples of these include Ni [19], NiCr [14], V [1,20–23], and Cu [24]. Li et al. 

graded between SS316L and Ti-6Al-4V through depositing pure layers of Fe, Cr, and V onto a 

SS316L baseplate [21].  No Fe-Ti intermetallic compounds formed, and while σ phase had the 

potential to form between the Fe and Cr regions, the authors cited the high cooling rates of AM 

as suppressing the formation of σ phase in the FGM.  In this case, the (Fe,Cr) solid solution was 

kinetically frozen in, but is not expected to be thermodynamically stable.  

In the aforementioned study by Sahasrabudhe et al., the authors also fabricated a sample 

that used a NiCr bond layer between the Ti-6Al-4V and SS316 layers.  XRD analysis showed 

evidence of Cr2Ti at the interface between NiCr and Ti-6Al-4V. While no microcracks or other 

defects were found in this sample, Cr2Ti is a brittle intermetallic phase that could result in 

cracking [14,25]. Using NiCr as an interlayer between stainless steel and titanium has been 

shown to have other problematic effects. Liu et al. [19] examined Ni-based superalloy/Ni80Cr20 

laminated composites that were diffusion bonded, with different bonding times, to Ti-6Al-4V 

baseplates, showing that all samples had the NiTi, Ni3Ti, and NiTi2 phases at the interface.  

Vanadium is another interlayer that has been studied both for joining Ti and stainless 

steel through welding and additive manufacturing. Zhang et al. [20] studied the use of V as an 

interlayer in a Ti-alloy and stainless steel joint fabricated through pulsed laser welding, 

successfully avoiding the formation of Fe-Ti intermetallics.  XRD analysis showed the formation 

of a (Fe,V) solid solution, which, at certain compositions could form the FeV-σ phase [26,27]; 

however, due to the high fraction of Fe in this study, FeV-σ phase formation was avoided.  
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Avoiding σ phase formation is not always possible when combining V with stainless 

steel.  In a study on welding 17-4PH stainless steel and V, different weld line offsets were 

studied in order to regulate the V concentration, and therefore, the formation of σ phase [18].  

Composition analysis showed that the amount of V ranged from 15 at% for the samples with the 

larger offset to 40 at% for the samples with the smaller offset.  The as-welded samples contained 

(Fe,V) solid solution, and electron backscatter diffraction (EBSD) analysis confirmed the 

formation of bcc phase. However, after heat treatment at 600 °C for 12 hrs, EBSD analysis 

showed a high concentration of σ phase for all samples. In a study on σ phase formation in two 

different stainless steel and V FGMs, Bobbio et al. highlighted the importance of time spent 

within the favorable temperature range for σ phase growth during directed energy deposition 

(DED) AM [28]. Experimental characterization and computational modeling showed that the 

primary factor for σ phase growth was thermal history as, at similar compositions, regions that 

were subjected to elevated temperatures for longer times due to their location being above 

cracked regions had ~10 times more σ phase than those that cooled faster.  This finding, 

combined with the results from the study by Adomako et al. [18] highlights that both time and 

temperature are factors in σ phase formation and growth. 

The presence of brittle intermetallic phases in FGMs generally results in regions of 

higher hardness and reduced ductility [14,15]. For example, Adomako et al. [18] examined the 

hardness in the fusion zone of three welded 17-4PH and V samples in which the weld line was 

offset.  The average hardness ranged from 342 HV to 440 HV depending on the weld line offset, 

where the sample with the smaller offset (and higher V content) had a higher hardness and the 

sample with the larger offset (and lower V content) had a lower hardness. After post-weld heat 

treatment, EBSD and XRD analysis revealed that the fusion zone had significant amounts of σ 
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phase, which resulted in a higher hardness in this region (approximately 1000 HV), and a much 

lower ductility compared to the as-welded samples.  

Equilibrium calculations through the CALculation of PHase Diagrams (CALPHAD) 

method have been used as a tool with which to predict phase compositions in FGMs made by 

AM [1,2,15].  CALPHAD-based equilibrium calculations have been paired with path planning 

algorithms to find optimized gradient composition pathways that avoid detrimental phases 

[29,30].  Kirk et al [29] developed an algorithm that was then experimentally validated by 

Eliseeva et al. [30]. Their method used a rapidly-exploring random tree class of algorithms to 

design compositional pathways that avoid undesirable phases that are expected between room 

temperature and the manufacturing temperature. Using this algorithm, the authors found an 

idealized non-linear path between 316L stainless steel and pure Cr that avoided σ phase, which 

they validated experimentally. This method is based on equilibrium conditions and while it 

considers a wide range of temperatures, it does not consider phase transformations during 

solidification. 

As AM is a far-from-equilibrium process, the direct applicability of equilibrium 

calculations is limited.  In contrast, Scheil-Gulliver solidification simulations (referred to here as 

Scheil simulations) have been applied to AM as a method of assessing the predicted 

solidification products in FGM systems. This allows for non-equilibrium solidification modeling 

that can better capture the fast cooling of additive manufacturing. Bocklund et al. [31] showed 

that Scheil solidification simulations better predicted experimentally observed phase fractions 

than equilibrium calculations when assessing gradients of both Ti-6Al-4V to Invar 36 and 

commercially pure Ti to Invar 36 FGMs.  In short, computationally, both Scheil simulations and 

equilibrium calculations represent thermodynamic limits: Scheil simulations are an upper limit 
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for solidification-driven segregation, while equilibrium calculations represent the limiting 

equilibrium state of solid-state transformations. In reality, it is unlikely that either of these limits 

will be fully realized in the AM process and this could account for deviations between predicted 

and observed phases and phase compositions. 

The goal of this study was to design a compositional pathway along which to grade 

between 316 stainless steel (SS316) and Ti-6Al-4V that avoids deleterious phase formation.  

This design was informed by thermodynamic modeling of the representative systems considering 

equilibrium calculations and Scheil solidification simulations to determine phase compositions 

within potentially relevant ternary systems.  The gradient pathway, involving varying the volume 

fraction of two feedstock powders at a time, was designed to grade between SS316 and Ti-6Al-

4V through intermediate grading to Ni-20Cr (henceforth referred to as NiCr), Cr, and V.  The 

elemental and phase fractions of these gradients were experimentally evaluated, and good 

agreement was found between the planned gradient pathway and the deposited FGM.   

 

2. Computational Design of Gradient Pathway  

To design a compositional pathway along which to grade between SS316 and Ti-6Al-4V, 

the phase compositions in the ternaries comprising the major elements in each alloy (Cr-Fe-Ti 

and Fe-Ni-Ti) were evaluated using the CALPHAD method.  This was done to determine if there 

were any feasible pathways along which to grade linearly or nonlinearly between the two 

terminal alloys while also avoiding deleterious phases.  The CALPHAD method uses the Gibbs 

energy of individual phases parameterized with the multicomponent compound energy 

formalism in the form of sublattice models [32–34].  Both equilibrium and Scheil simulations 

were performed on a direct linear path between the two alloys as well as the full ternary systems.  
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Both types of analyses were performed with pycalphad [35] using two databases – a database 

developed by Dekeyzer et al. to analyze the Fe-Ni-Ti system [36] and a database developed by 

Wang et al. to analyze the Cr-Fe-Ti system [37].  Scheil simulations were performed to predict 

the solid phases that would precipitate from the melt during rapid solidification in AM.  The 

scheil module of pycalphad, developed by this team, was used for these simulations [31,38].  

This open-source solidification simulation tool can simulate both equilibrium and Scheil 

solidification and can distinguish ordered and disordered configurations of phases.   

The Cr-Fe-Ti and Fe-Ni-Ti ternary diagrams are shown in Figure 1, depicting the 

composition regions for formation of various phases that were predicted for equilibrium 

calculations at 1000 K (Figure 1a for the Cr-Fe-Ti system and Figure 1c for the Fe-Ni-Ti system) 

and Scheil simulations (Figure 1b for the Cr-Fe-Ti system and Figure 1d for the Fe-Ni-Ti 

system).  The direct linear gradient pathway is marked by a white dashed line in all four 

diagrams.  The results from these calculations show the intermediate phases (B2, C14) that form 

along a linear gradient path that would be detrimental to the structural integrity of an FGM 

directly grading between SS316 and Ti-6Al-4V.  All other possible pathways, either linear or 

non-linear, cross through regions of detrimental phase formation; therefore, intermediate 

alloys/elements are necessary to design an FGM with terminal alloys of SS316 and Ti-6Al-4V. 
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Figure 1.  Ternary diagrams showing composition regions for the formation of various phases 

(represented by different colors) across the full composition space of the (a,b) Cr-Fe-Ti [37] and 

(c,d) Fe-Ni-Ti [36] systems.  The white dashed lines indicate the direct linear pathway between 

Ti and an approximated stainless steel alloy. 

All ten ternary sub-systems in the five component Cr-Fe-Ni-Ti-V system were evaluated 

to determine the feasibility of using different elements or alloys as intermediates between SS316 

and Ti-6Al-4V using equilibrium calculations and Scheil simulations.  The thermodynamic 

databases used for each ternary system are listed in Table 1. To capture all kinetically relevant 

phase transformations, the equilibrium calculations were performed between 1000 K and 2200 K 

(where all candidate alloy compositions are predicted to be liquid).  This temperature range is 

based on the assumption that there will be no solid state phase transformations below 1000 K as 
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the kinetics of phase transformation would be too slow [39].  A composition is considered 

feasible if all equilibrium calculations and the Scheil solidification simulation for the 

composition contains less than 10 atomic percent of a detrimental phase, i.e., any intermetallic or 

partially/fully-ordered solution phase.  We note that this cutoff of 10% is not a strict requirement, 

but rather is a heuristic parameter used as a starting point for FGM design.  Lowering the 

tolerated amount of detrimental phases expands the regions of infeasibility into the possible 

design space.  In each ternary system, an evenly spaced grid of 861 candidate compositions on 

the ternary simplex were considered.  Figure 2c shows the regions of feasibility in each ternary 

system where feasible compositions are represented as green regions, compositions that are 

infeasible by equilibrium calculations are represented as red, compositions that are infeasible by 

Scheil solidification simulations are represented as yellow, and compositions that are infeasible 

by both equilibrium and Scheil simulations are represented as blue. 

 

 

Table 1.  Thermodynamic assessments used to evaluate feasibility for the ternary sub-systems of 

the Cr-Fe-Ni-Ti-V five component system used in Figure 1. 

Ternary sub-system Source of thermodynamic assessment 
Cr-Fe-Ni [40] 
Cr-Fe-Ti [37] 
Cr-Fe-V [41] 
Cr-Ni-Ti [42] 
Cr-Ni-V [41] 
Cr-Ti-V [43] 
Fe-Ni-Ti [36] 
Fe-Ni-V [44] 
Fe-Ti-V [45] 
Ni-Ti-V [46] 
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Figure 2.  Ternary plots representing the feasibility, in terms of absence of detrimental phases, of 

composition in the examined ternary systems to grade between SS316L and Ti-6Al-4V (Cr-Ti-V, 

Cr-Ni-V, Cr-Fe-Ni, Cr-Fe-V, Fe-Ni-Ti, and Fe-Ni-V).  Compositions in green have under 10 at% 

of a detrimental phase, and are denoted as feasible, while compositions in red are deemed 

infeasible due to having 10% or greater of a detrimental phase as calculated through equilibrium 

or Scheil simulations.  
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Visually inspecting the ternary feasibility diagrams in Figure 2c makes it immediately 

clear which candidate systems may be useful for FGM design by noting the corners and edges of 

the diagram that are connected by contiguous feasible regions.  For example, V is the only 

element of Cr, Fe, Ni, or V that shares a feasible edge with Ti, only Cr and Ti share feasible 

edges with V, and only Ni and V share feasible edges with Cr. Therefore, it can be concluded 

that the only viable thermodynamically stable pathway in Cr-Fe-Ni-Ti-V to join SS316 with Ti-

6Al-4V requires passing through the Ni-Cr, Cr-V, and V-Ti binary edges.  The path passing 

through these binary edges can be represented using the Cr-Fe-Ni, Cr-Ni-V, and Cr-Ti-V 

systems shown in Figure 3a.  Pure Cr and V elemental metals and the Ni-20Cr alloy were 

selected as intermediates.  The pathway segments go linearly from the 100% compositions of the 

constituent alloys and elements as follows (1) SS316 to (2) NiCr to (3) Cr (4) V to (5) Ti-6Al-

4V.   
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Figure 3. (a) Ternary phase diagrams of the Cr-Ni-Fe, Cr-Ni-V, and Cr-Ti-V systems showing 

the two-powder gradient pathway used for this study (red dashed lines) and a potential gradient 

pathway if varying three powders at a time (blue dotted lines). (b) Liquidus projections for the 

same three systems showing the monovariant lines dividing the fcc, bcc, and σ regions of the 

liquidus diagrams. (c) Ternary feasibility diagrams showing the designed pathway based on 

equilibrium calculations and Scheil simulations.  
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In order to predict the phase relations in all four gradient regions of the SS316 to NiCr to 

Cr to V to Ti-6Al-4V FGM, equilibrium and Scheil calculations were performed as mentioned 

above.  Three thermodynamic databases were used: an Cr-Fe-Ni database [40] was used for the 

Cr-Fe-Ni system, a Co-Cr-Fe-Ni-V database [41] was used for the Cr-Ni-V system, and an Cr-

Ti-V database [43] was used for the Cr-Ti-V system.  With this pathway, the only expected 

phases in the FGM were the fcc and bcc phases, with the transition from fcc to bcc occurring 

within the NiCr/Cr gradient region, and no detrimental phases were expected to form.   

Note that the planned gradient pathway considers the ability to vary the relative amounts 

of two powders at a time, as was used in this study (see Section 3).  DED systems with multiple 

powder feeders and the ability to simultaneously vary the volume fractions of more than two 

powders at a time could expand the design space for pathways with more compositional 

flexibility.  To demonstrate this, an additional optimized gradient pathway was designed through 

CALPHAD analysis for a hypothetical system with the ability to vary the relative amounts of 

three powders simultaneously. This designed path is shown with a blue dotted line on the ternary 

phase diagrams in Figure 3a.  This pathway would allow for a smoother transition between 

gradient sections and would reduce the relative amounts of powder of each metal or alloy, 

condensing the vertical span of the gradient.  The fabrication of such an FGM is beyond the 

scope of this work due to the present limitation in only being able to vary two powders at a time.  

 

3. Experimental Methods 

Two pillar-shaped FGM samples were fabricated by vertically and linearly grading from 

SS316 to Ni-20Cr (Region 1), Ni-20Cr to Cr (Region 2), Cr to V (Region 3), and V to Ti-6Al-4V 
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(Region 4) in incremental changes of about 5 vol%/layer in composition achieved through 

varying the powder feed rates from the four individual hoppers.  The samples were fabricated 

using a DED AM system (Optomec LENS ™) with an Ar environment (<5 ppm O2).  The 

system utilizes 3-axis motion (x- and y-translation of the sample and z-translation of the print 

head) to fabricate 3D shapes.  The Yb-fiber laser operated at a power that varied between 400-

600 W (average power of 527 W).  Given the large variation in melting temperatures of the 

constituent powder feedstocks (see Table 2), the power was adjusted automatically during 

fabrication using a melt pool sensor in the LENS system that varies the power to keep the melt 

pool size constant during fabrication.  This resulted in an irregular shape of the build.  Additional 

processing parameters were as follows: a 0.8 mm laser beam diameter, a hatch spacing of 0.38 

mm, a step height of 0.254 mm, and a scan speed of 5.08 mm/s.  The powders used for 

fabrication were: 316L stainless steel (Carpenter Micro-Melt, 45-150 µm), Ni-20Cr powder 

(Atlantic Equipment Engineers, 45-88 µm), Cr powder (Atlantic Equipment Engineers, 53-150 

µm), V powder (Atlantic Equipment Engineers, Inc., 44-105 µm), and Ti-6Al-4V powder 

(Advanced Powders & Coatings, 45-106 µm).  The as-built samples are pictured in Figure 4a and 

d and measured between 60-70 mm in height and approximately 6 mm in diameter, although the 

diameter was irregular.  

The samples were mounted separately in epoxy resin and ground down using 180 grit SiC 

paper until the cross-section of the sample was revealed. The samples were then polished using 

standard metallographic techniques, with a final polish using 0.05 µm silica suspension. Optical 

microscope images of the cross-sectioned samples are shown in Figure 4b and e.  
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Table 2.  Melting and liquidus temperatures of constituent major alloys/elements in the FGM. 

Alloy/Element Melting/Liquidus 
Temperature (K) 

SS316 1673 
NiCr 1673 
Cr 2136 [47] 
V 2188 
Ti-6Al-4V 1933 

 

 

 

Figure 4.  (a,d) Photographs of the SS316/NiCr/Cr/V/Ti-6Al-4V FGM samples after removal 

from the baseplate. Optical microscope images of (b,e) the cross-section of the entire sample and 

(c,f) the portions of the samples with a high density of porosity. The build direction is denoted by 

arrows above (a) and (d). 

 

The two samples were used for elemental and phase characterization, as well as hardness 

measurements. Energy dispersive X-ray spectroscopy (EDS) was performed in a scanning 

electron microscope (SEM, Thermo-Scientific, Apreo S Low Vac, Massachusetts) with a silicon 
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drift detector attachment (Oxford Instruments, Ultim Max silicon drift detector, Massachusetts) 

to measure the composition of the FGM through both line scans and area mapping.  XRD was 

used for phase identification within each of the gradient regions of the FGM, and the diffraction 

patterns were collected using a Bragg-Brentano-type diffractometer (Panalytical, Empyrean, Cu 

K-α X-ray source, 45 kV, 40 mA, λ=1.54 Å, 0.5° slit size, 5 mm mask, Malvern, UK).  EBSD 

analysis (Oxford Instruments, Symmetry detector, Massachusetts) was performed on the NiCr/Cr 

gradient region of the sample, where computational analysis predicted a phase transition, to 

analyze local phase compositions.  The Vickers microhardness was measured along the height of 

the FGM using a load of 100 gf and a loading time of 10 s (Leco, LM 110AT Hardness Tester, 

Michigan). 

 

4. Results and Discussion 

The focus of the experimental analysis is on the NiCr/Cr gradient region (Region 2).  

Regions 1 and 4 have been previously studied and reported on (Bobbio et al. examined a 

stainless steel and NiCr FGM in [48] and Hofmann et al. examined a Ti-6Al-4V to V FGM in 

[2]).  Given the complete solid solution in the Cr/V binary phase diagram, limited analysis was 

performed in this region. 

4.1. Experimental results 

Initial optical analysis of the samples showed a large area with a significant amount of 

porosity in the top half of the samples as shown in Figure 4c and f.  The pores varied in size and 

morphology, with some are as large as 1 mm in the longest imaged dimension.   

EDS line scans were performed along the entire height of both samples to determine 

composition as a function of vertical position.  A comparison of the planned versus 
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experimentally measured composition of the sample in Figure 4a is shown in Figure 5a. The 

measured composition of the sample in Figure 4b is shown in Figure 5b, showing good 

agreement.  The EDS line scans indicated that the onset of the porosity corresponded to the 

introduction of V in the Cr/V region in both samples.  Note that the focus of this study is to 

determine if the proposed composition pathway is free of detrimental phase, and process 

optimization will be performed in the future. 

 

Figure 5.  Composition as a function of position along the height of the two FGM samples that 

were experimentally characterized.  The EDS line scan in (a) corresponds to the sample in Figure 
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4a and the line scan in (b) corresponds to Figure 4b. The dashed lines indicate the planned 

deposited composition while the solid lines indicate the composition measured by EDS line 

scans.  The four regions are marked by grey vertical dotted lines.  

 

Compositional fluctuations in Region 2 (NiCr/Cr) started at a layer composition of 

approximately 50 wt% Ni/50 wt% Cr and extended to a layer composition of approximately 30 

wt% Ni/70 wt% Cr.  This compositional gradient region is where the phase transition from the 

fcc phase to the bcc phase was anticipated based on the initial Scheil simulations.  A detailed 

view of the composition variations and segregation in this section of the FGM is given in Figure 

6.  
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Figure 6.  (a) EDS line scan data along an 8 mm region between heights of 24 mm and 32 mm 

that highlights the section of Region 2 (NiCr/Cr) where spatial compositional fluctuations were 

present. (b) Local EDS area maps at five locations (Sites 1-5) within the 8 mm portion of Region 

2 shown in (a) highlighting microstructural and elemental changes across Region 2. The gradient 

compositions are shown below each site name. 

 

Figure 7 shows XRD patterns from the center of each of the four gradient regions of the 

FGM.   Each diffraction pattern spans an area of 6 mm x 7 mm, which covers a large portion of 
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each gradient region. These diffraction patterns show transitions from a fcc single phase in 

Region 1 (SS316/NiCr) to a fcc/bcc two-phase mixture in Region 2 (NiCr/Cr), and finally to a 

bcc single phase in Regions 3 (Cr/V) and 4 (V/Ti-6Al-4V). The two-phase mixture in Region 2 

corresponds to the same area where the Ni-Cr elemental segregation was observed via EDS.  

 

Figure 7.  X-ray diffraction patterns from the four gradient regions in the FGM: (a) Region 1 

(SS316/NiCr), (b) Region 2 (NiCr/Cr), (c) Region 3 (Cr/V), and (d) Region 4 (V/Ti-6Al-4V).   
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EBSD analysis was performed at five locations within Region 2 (NiCr/Cr), where the 

fcc/bcc two-phase mixture was observed via XRD analysis and compositional fluctuations were 

observed in the EDS line scans.  The resulting phase maps in Figure 8 show the progression from 

a primarily fcc phase to a primarily bcc phase as the overall layer elemental composition changes 

from 56 wt% Ni/44 wt% Cr to 24 wt% Ni/76 wt% Cr, with an accompanying change in 

microstructure from a cellular structure in the fcc-rich regions to an equiaxed grain morphology 

in the bcc-rich region.  The elemental compositions and phase fractions for each region are given 

in Table 3.  In addition, the areas examined by EBSD overlap with those examined by EDS, 

shown in Figure 6.  By examining the two in conjunction, it is evident that there is direct overlap 

with the fcc-rich regions and the Ni-rich regions, and the bcc-rich regions and the Cr-rich 

regions.  EDS showed no other elemental segregation, so it is unlikely that the low amounts of 

zero solution are an additional phase.  
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Figure 8.  EBSD phase maps showing the progression form a primarily fcc phase to a primarily 

bcc phase in Region 2 (NiCr/Cr) of the FGM. 

Table 3.  EBSD phase amounts (area %) for the five analyzed areas shown in Figure 8. 

 Site (a) Site (b) Site (c) Site (d) Site (e) 
Elemental 
composition 

56 wt% Ni/44 
wt% Cr 

44 wt% Ni/56 
wt% Cr 

32 wt% Ni/68 
wt% Cr 

29 wt% Ni/ 
71 wt% Cr  

24 wt% Ni/ 
76 wt% Cr  

FCC 87% 71% 58% 29% 3% 
BCC 10% 25% 39% 65% 87% 
Zero solution (not 
indexed by EBSD) 

3% 4% 3% 6% 10% 

 

Vickers microhardness measurements, taken along the height of the FGM, at 2.5 mm 

intervals, with five measurements at each vertical location, are given in Figure 9b.  In Region 1 

(SS316/NiCr), the hardness is relatively constant, with an average hardness of 150 HV. The 
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hardness increases in Region 2 to a peak hardness of 704 HV at 31 mm corresponding the 

maximum concentration of Cr.  The hardness decreased in Regions 3 (Cr/V) and 4 (V/Ti-6Al-

4V) to an average of 388 HV.  Smaller peaks were observed in both Regions 3 (Cr/V) and 4 

(V/Ti-6Al-4V).  The presence of these peaks can be attributed to solid solution strengthening as a 

result of the mixing of the elemental metals and/or alloys in each gradient region.  Hardness 

increases as a result of solid solution strengthening have been shown for both the Cr/V system 

[49] and in Ti-6Al-4V/V FGM systems [1,2]. 

 

Figure 9.  Vickers microhardness as a function of position along the height of the gradient. 

 

Higher resolution EDS area analysis of the high hardness region revealed the presence of 

Cr-rich particles with Ni in Region 2 (NiCr/Cr) and particles with Cr and V mixture in Region 3 

(Cr/V). Figure 10 shows SEM images and EDS composition maps of seven selected areas with 

compositions of 66 wt% Cr/34 wt% Ni (Figure 10a), 67 wt% Cr/33 wt% Ni (Figure 10b), 75 

wt% Cr/22 wt% Ni/3 wt% V (Figure 10c), 88 wt% Cr/10 wt% Ni/2 wt% V (Figure 10d), 91 wt% 
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Ni/3 wt% Ni/6 wt% V (Figure 10e), 60 wt% Cr/40 wt% V (Figure 10f), and 40 wt% Cr/60 wt% 

V (Figure 10g).  These images show how the particle size, morphology, and composition change 

as a function of overall composition of the analyzed area.  Particles were present in six of the 

seven regions (Figure 10a-f) imaged with selected EDS composition maps and line scan across a 

particle shown in Figure 11 and the EDS point analyses shown in Table 4.  In each of the six 

layers containing particles, the compositions of the particles were significantly different from 

those of the matrix with higher Cr contents in Region 2 and higher V contents in Region 3.  

Based on Cr-Ni-V phase diagrams (see Figure 3) and XRD analyses (see Figure 7), both the 

matrix and particles are bcc phases, i.e., bcc particles in the bcc matrix.  It seems that the 

compositions of particles matched the planned composition of a layer that would be deposited 

later in the build.  For example, the matrix composition of Site (c) with 75 wt% Cr and 22 wt% 

Ni corresponds to a planned composition for a layer in Region 2 (NiCr/Cr) before V was 

introduced, but the particle composition contains 32 wt% V and 1 wt% Ni, which corresponds to 

a composition for a layer in Region 3 (Cr/V).  Particle morphologies in Site (a) and Site (b) are 

mostly spherical.  Site (c) and Site (d) have non-spherical particles with many being faceted, 

while Site (e) and Site (f) show a preference for spherical particle morphologies in grain 

interiors, with agglomerations near apparent grain boundaries.  Section 4.2 will discuss the 

plausible origin of these particles in more detail.  
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Figure 10.  EDS maps of selected areas in Regions 2 (NiCr/Cr) and 3 (Cr/V) that show the 

change in microstructure between these areas. The small particles in these images are Cr- and Ni-

rich in the NiCr/Cr region (a, b), and Cr- and V-rich in the Cr/V region (c, d, e, f) of the FGM.  

Starting in the region pictured in (g), no particles were present.  Matrix and particle composition 

data are given in Table 4.  
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Table 4.  Matrix and particle composition data, and particle size data, for the seven sites shown 

in Figure 10. Note that there is a non-zero interaction volume, which is a function of material and 

imaging conditions, when EDS data are acquired; therefore, it is expected that some of the 

matrix composition is included in the measured composition of the Cr/V-rich particles. Liquidus 

temperatures are computed using the thermodynamic database from Choi et al. [41]. 

  Wt% 
Cr 

Wt% 
Ni 

Wt% 
V 

Median 
Particle 
Size 
(µm2) 

Mean 
Particle 
Size 
(µm2) 

Liquidus 
temperature 
(K) 

BCC solvus 
temperature 
(K) 

Site 
(a) 

Matrix 66 34 0 

0.91 1.37 

1790 1525 (FCC) 

Particles 90 10 0 2071 1340 (FCC) 

Site 
(b) 

Matrix 67 33 0 

0.95 1.38 

1802 1511 (FCC) 

Particles 85 15 0 2015 1388 (FCC) 

Site 
(c) 

Matrix 75 22 3 

7.60 10.9 

1935 1409 (FCC) 

Particles 67 1 32 2171 906 (σ) 

Site 
(d) 

Matrix 88 10 2 

3.15 4.76 

2072 1325 (FCC) 

Particles 82 2 16 2159 991 (σ) 

Site 
(e) 

Matrix 91 3 6 

0.61 1.08 

2148 1110 (FCC) 

Particles 36 0 64 2182 - 

Site 
(f) 

Matrix 60 0 40 

0.51 0.76 

2181 - 

Particles 50 0 50 2182 - 

Site 
(g) 

Matrix 40 0 60 
- - 

2182 - 
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Particles - - -  - 

 

 

Figure 11.  (a) SEM image and (b-d) EDS composition maps of a selected particle from Site C 

in Figure 10.  A line scan was taken across the particle to show the composition changes between 

the particle and the matrix and within the particle itself.  

 

4.2. Computational results and comparison with experimental results 

CALPHAD analysis was used to predict the phases and phase compositions along the 

height of the FGM. The equilibrium calculations were performed at the solidus temperature for 
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each layer of the FGM.  The solid lines in the graph in Figure 12 shows the predicted equilibrium 

phase fractions where there is an abrupt change from 100% fcc to 100% bcc composition at the 

transition from Region 2 (NiCr/Cr) to Region 3 (Cr/V). This transition from fcc to bcc agrees 

with experimental observations, however, there is a slight disagreement in that the equilibrium 

calculations predict an abrupt transition, while EDS and EBSD analyses showed a gradual 

transition from fully fcc to fully bcc over the span of 30 wt% of Ni, with a two-phase fcc+bcc 

composition in Region 2 (NiCr/Cr).  The Scheil simulation results, shown as dashed lines in 

Figure 12, predict a gradual change in phase fraction over a span of 50 wt% Ni, with an fcc+bcc 

region in agreement with where the two-phase region was observed experimentally (Figure 8).  

The symbols indicating the experimentally determined phase fraction of bcc in Figure 12 show 

that the Scheil simulation results are in better agreement with the experimental results.  

 

    

Figure 12.  Equilibrium (solid lines) and Scheil solidification (dashed lines) predicted phase 

compositions as a function position along the height of the FGM. The square symbols indicate 

the phase fraction of bcc as determined through experimental EBSD analysis. The arrows above 
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the graph indicate the composition ranges in which the transition from fcc to bcc is predicted by 

Scheil solidification methods of analysis. 

 

The formation of particles shown in Figure 10 is puzzling because both particles and the 

matrix seem to be the bcc phase as mentioned above, but there is no bcc miscibility gap in the 

system. As discussed above and shown in Table 4, the particles have higher Cr content in Sites 

(a) and (b) and higher V content in Sites (c)-(f) than the matrix, which are in accordance with the 

deposited composition later along the gradient path in Region 2 (NiCr/Cr) and Region 3 (Cr/V). 

We thus hypothesize that the particles were introduced by mixing of pure Cr and V powders with 

previously deposited layers, which were partially remelted.  As Region 2 and 3 reside in the Cr-

Ni-V ternary system, the ternary equilibrium isotherm, liquidus projection, and feasibility 

diagram shown in Figure 3 can be used to rationalize our hypothesis.   

The melting temperatures of Ni-20Cr, Cr, V are listed in Table 2 and the melting 

temperatures of various particles and matrixes, i.e., their liquidus, shown in Table 4.  

Furthermore, the bcc solvus temperatures of the particles and matrixes are calculated and 

included in Table 4.  Note that the thermodynamic database from Choi et al. [41] accepts a 

description of pure Cr that adopts a melting point of 2180 K, rather than the most recently 

accepted melting point of 2136 K, as discussed by Obaied et al. [47].  In addition, the database 

from Choi uses binary interaction parameters for Cr-V that produce a cigar-shaped liquidus [50], 

while the critical review of the Cr-V system by Smith, Bailey, and Carlsson suggests an 

azeotropic minimum in the liquidus [51].  The thermodynamic database from Choi et al. is used 

for the present analysis as it is the only available model for the ternary Cr-Ni-V system. 

Incorporating the new unary description of Cr with the corrected melting point and remodeling 
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the Cr-V binary system is necessary to correct this discrepancy, but is outside the scope of the 

present work.  

From the liquidus projection in Figure 3b, bcc is the primary crystallization phase in the 

composition range of the particles and matrixes in the sites shown in Figure 10.  Figure 3c 

depicts that both Scheil solidification and equilibrium calculations from 1000 K to 2200 K show 

less than 10% of any deleterious phases. It is self-evident that no deleterious phases would form 

in Sites (a), (b), (f), and (g) as they are in binary Cr-Ni and Cr-V systems, respectively.  In Sites 

(c) and (d), the matrix and particles are stable in equilibrium as bcc between the liquidus 

temperature and the solvus temperatures given in Table 4. The particles in Sites (c) and (d) are 

stable until below 1000 K, where the σ phase becomes favorable, but the slow transformation 

kinetics of the σ phase and the Ni-V-rich compositions of the σ phase eliminate σ phase as a 

candidate for the particles given the compositions shown in Figure 11 [39].  The particles in Site 

(e) are stable down to room temperature, as indicated by the lack of a bcc solvus temperature in 

Table 4.  The Scheil simulations for the binary Cr-Ni and Cr-V systems are shown in Figure 12, 

and the small amounts of V into Cr-Ni and Ni into Cr-V give similar results.  Therefore, we 

conclude that the particles observed in Figure 10 are the bcc phase, the same as the matrix.  Next, 

we postulate how the bcc particles may form. 

Table 4 shows that the liquidus temperatures of the particles are higher than those of the 

matrixes at the same location by up to 281 K.  When the Cr or V powders are added, the droplets 

with higher meting temperature will mix with the re-melted layers in the existing build with 

lower melting temperatures. The heat of those droplets will quickly be conducted to the re-

melted layers with lower temperatures. Some droplets will thus nucleate and solidify to form bcc 

phase with their composition partially frozen in before they have time to mix with the re-melted 
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layers due to the much faster heat conduction rate than the diffusion rates of Cr and V elements.  

Assuming the particles follow the solidification path to the azeotropic minimum in the Cr-V 

liquidus suggested by Smith, Bailey, and Carlsson [51], nucleated particles near Site (c) and Site 

(d) are able to grow because the composition of the solid (bcc) is close to the composition of the 

liquid near the azeotropic minimum.  The faceted morphologies found in Sites (c) and (d) 

support the hypothesis that these particles were able to grow, leading to the larger particle sizes 

in these sites (10.9 µm2 and 4.76 µm2 for Sites (c) and (d), respectively) compared to the 

particles at other sites in Figure 10 (sizes 1.37 µm2, 1.38 µm2, 1.08 µm2, and 0.76 µm2 for Sites 

(a), (b), (e), and (f), respectively) that show predominantly spherical morphologies that suggest 

the particles formed more like frozen droplets from the upper layer.  The bcc particles will stay 

as bcc as it is the stable phase in the Cr-V system, and the relative low bcc solvus temperatures in 

the Cr-Ni system as shown in Table 4 may prevent the formation of fcc or σ phase.  This issue 

may be resolved by pre-mixing powders to lower their melting temperatures or optimization of 

processing parameters in the future. 

 

5. Conclusions 

In this study, computational analysis was used to design a feasible compositional 

pathway through which to join SS316 and Ti-6Al-4V, through the introduction of intermediate 

elements/alloys, that avoided detrimental phase formation.  Through the use of DED AM with 

the real-time variation of volume fractions of two powders at a time, the designed path, grading 

from 100% SS316 to 100% NiCr to 100% Cr to 100% V to 100% Ti-6Al-4V, was fabricated.  

The FGMs were experimentally characterized to analyze the phase fraction, microstructural 
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changes, and mechanical behavior along the entire gradient path. The primary finds of the study 

are as follows: 

 Equilibrium and Scheil analysis of the phases of various ternary systems indicated 

that Ni, Cr, and V were all necessary intermediate elements in order to fabricate an 

FGM of SS316 and Ti-6Al-4V with no detrimental phase formation.  This allowed for 

informed design of a SS316/NiCr/Cr/V/Ti-6Al-4V FGM with no detrimental phases. 

 Experimental analysis in the NiCr/Cr gradient region showed compositional 

fluctuations in the EDS line scans indicative of multiple phases.  XRD and EBSD 

analysis of this region confirmed that the elemental segregation was related to the 

phase transition from fcc to bcc in this region.   

 Both equilibrium calculations and Scheil-Gulliver simulations correctly predicted a 

transition from fcc to bcc phase within the gradient region where this transition was 

observed experimentally. However, the equilibrium calculations showed a sharp 

transition at the interface between the NiCr/Cr gradient region and the Cr/V gradient 

region while the Scheil simulations showed a gradual transition from fcc to bcc over 

the entire Cr-rich region of the NiCr/Cr gradient region, and the composition range 

for this transition predicted by Scheil simulations was in strong agreement with the 

experimental results.   
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