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Abstract

Compositionally complex materials (CCMs), such as functionally graded materials (FGMs) made by additive manu-
facturing (AM) often form undesired phases or cracks, negatively affecting the build. Equilibrium thermodynamic cal-
culations and solidification simulations, such as Scheil-Gulliver, can be used to predict feasible compositions or com-
positional paths, acting as constraints before empirical or machine learning models are applied to predict properties of
interest. In addition, additional analysis of solidification simulations can be used to predict hot-cracking using various
criteria to further account for manufacturability. To define and navigate the high order chemical systems of CCMs/FGMs,
the open-source tool, AMMap, has been developed utilizing open models and CALPHAD methods for thermodynamic
computation. AMMap explores spaces constructed with the nimplex library, using a novel algorithm to represent high-
dimensional systems as graphs that can be joined into homogeneous structures and explored with graph traversal
algorithms to automate the path-design process. This method allows the use of existing high-performance gradient
descent, graph traversal search, and other path optimization algorithms to automate the path-design process with as
little prior bias as possible.
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1 Introduction1

1.1 Background2

Additive manufacturing (AM) methods enable the cre-3

ation of complex geometries and the integration of multi-4

ple materials within a single build, and are widely used in 5

many industries, including aerospace, automotive, con- 6

sumer products, and biomedical [1]. The ability to incor- 7

porate nanomaterials and composite materials into AM 8

processes has opened new avenues to improve the me- 9

chanical, thermal, and electrical properties of manufac- 10

tured parts [2]. The high level of control in AM is partic- 11

ularly beneficial for producing functionally graded materi- 12

als (FGMs), which can mitigate the deleterious effects of 13

abrupt interfaces between dissimilar materials that can- 14

not be directly joined. FGMs are multi-material com- 15

ponents with composition, mesostructures, and/or mi- 16

crostructures that vary with position through a build that 17

can afford FGMs multi-functionality [3] or enable dissim- 18

ilar metals to join smoothly [4]. In joining dissimilar ma- 19

terials, FGMs can be used to avoid the formation of brit- 20

tle topologically close-packed (TCP) phases, known to 21

cause component failure [5] as well as to mitigate other 22

difficulties, such as differences in thermal expansion co- 23

efficients and chemical incompatibilities, which can lead 24

to residual stresses and weakened interfaces. By lever- 25

aging advanced AM techniques, these challenges can be 26

mitigated, enabling the production of high-performance, 27

multi-material components with tailored properties for 28
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specific applications. To create FGMs that successfully29

transition between different materials, non-linear compo-30

sition paths, intermediate materials, or composition gra-31

dients can be employed. These methods help avoid is-32

sues such as TCP phases and dissimilar property gradi-33

ents, which may lead to stress-induced cracking [6]. To34

avoid expensive trial-and-error methods, computational35

design techniques can predict material behavior, such as36

phase formation more efficiently. For example, a path37

designed to avoid TCP phases between two critical, dis-38

similar metal alloys—from stainless steel to Ti-6Al-4V39

FGM—was successfully created by incorporating V, Cr,40

and NiCr as intermediaries [5]. Leveraging these com-41

putational techniques allows for the design of materials42

with optimized properties and enhanced performance,43

ensuring the reliability and functionality of the final com-44

ponents.45

One such computational technique is the CALculation46

of PHAse Diagrams (CALPHAD) method for the calcu-47

lation of phase formation of alloys under both equilib-48

rium and rapid-solidification conditions. With knowledge49

of processing parameters and CALPHAD calculations, a50

build-path that avoids failure can be predicted, enabling51

the design of an FGM efficiently and effectively. However,52

applying models such as the CALPHAD method to the53

chemistry of these materials can be complex because of54

the difficulty in representing alloy compositions and their55

changes in high-dimensional space. Since the means of56

calculation are available, the primary goal then becomes57

efficiently performing calculations and finding a design58

path to build that meets any other criteria such as prop-59

erty minimizations. The high-dimensional phase space60

required to model complex alloy systems can be compu-61

tationally intensive and challenging to navigate. Despite62

these challenges, the CALPHAD method enables pre-63

cise thermodynamic modeling, allowing for the optimiza-64

tion of alloy compositions and the prediction of phase be-65

haviors under various conditions and is invaluable to the66

design process. By addressing these complexities, it is67

possible to improve the methods to design FGMs with68

tailored properties, enhancing their performance and re-69

liability in various applications.70

1.2 Contemporary Challenges and Needs in71

Compositionally Complex Materials Design72

A number of recent works have been produced to com-73

putationally design FGMs, highlighting the community in-74

terest in modeling them [7]–[13]. Kirk et al. [7], [8] used a75

constraint satisfaction algorithm for robotic motion plan-76

ning based on equilibrium thermodynamic calculations77

from the CALPHAD approach. In the process of joining78

materials, non-equilibrium heating and cooling can result 79

in solute segregation within the liquid phase during so- 80

lidification, which can be difficult to predict through equi- 81

librium thermodynamic calculations alone. Research by 82

Bocklund et al. [9], [10] demonstrated that Scheil-Gulliver 83

simulations provide more accurate predictions of phase 84

formation in a Ti-Invar FGM compared to pure equilib- 85

rium calculations. Scheil-Gulliver simulations are em- 86

ployed to forecast phase formation under rapid cooling 87

conditions. These simulations operate under specific as- 88

sumptions: no diffusion occurs in the solid phase, equi- 89

librium exists at the solid-liquid interface, and infinite dif- 90

fusion takes place in the liquid phase. Moustafa et al. [11] 91

proposed a Scheil-Gulliver ternary projection diagram for 92

the Fe-Cr-Al system using Thermo-Calc, revealing signif- 93

icant differences in phase formation compared to equilib- 94

rium predictions. Sun et al. [13] used a CALPHAD-based 95

tool MaterialsMap implementing both Scheil-Gulliver 96

and equilibrium thermodynamic calculations and demon- 97

strated by joining dissimilar pure Al to Cu with an Ag in- 98

terlayer. Beyond phase formation predictions, Yang et 99

al. [12] successfully applied Scheil-Gulliver simulations 100

to forecast hot cracking in FGMs. Their study predicted 101

hot cracking in 316L Stainless Steel (SS316) to Ni-20Cr, 102

to Cr, to V, and finally Ti-6Al-4V using various hot crack- 103

ing criteria from the welding and joining literature. 104

The development of an open-source Python tool for 105

multi-property and multi-constraint design of compo- 106

sitionally varying materials, including high-throughput 107

CALPHAD calculations, presents an opportunity to ad- 108

dress key limitations in the existing approaches domi- 109

nated by manual path planning based on precomputed 110

maps. Furthermore, while current methods often typi- 111

cally operate in isolation with rigid coding structures, a 112

more flexible and extensible framework enables more 113

consistent incremental improvements and additions to fit 114

new niche applications by emphasizing a modular ar- 115

chitecture that allows for easy integration of new cal- 116

culations through standalone customizable templates. 117

Such templates can resemble typical single-purpose 118

code modules attached to scientific publications, writ- 119

ten in Python or other language with foreign function in- 120

terface (FFI), enabling calculation of objectives or con- 121

straints of interest after a set of constants is populated. 122

To effectively design and optimize materials using au- 123

tomation, it is essential to define a comprehensive set of 124

information and constraints. This includes specifying the 125

types of calculations to be performed, the relevant prop- 126

erty criteria, and the design spaces in which models will 127

operate. The following YAML examples illustrate how to 128

structure this information for a FGM design. 129

The initial step in multi-property and multi-constraint 130
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design involves meticulously defining the necessary in-131

formation and constraints. This foundational phase in-132

cludes specifying the types of calculations to be per-133

formed, such as equilibrium and Scheil-Gulliver solidifi-134

cation, and identifying the relevant property criteria to be135

considered. For instance, in a given example, constraints136

might include maintaining specific equilibrium phases at137

a set temperature and pressure, ensuring certain phases138

are present or absent, and adhering to limits on proper-139

ties like density and cracking susceptibility. By clearly140

outlining these constraints and optimization criteria, de-141

signers can effectively navigate complex phase diagrams142

and achieve the desired material properties, ensuring a143

robust and efficient design process.144

name: "StainlessSteel316L_to_Ti64"
description: "Path planning across several ternary

phase diagrams from Stainless Steel (Ni9.6 Cr19.9
Fe70.5) to Ti-6Al-4V (Ti0.862 Al0.102 V0.036)"

↪→

↪→

nDivisionsPerDimension: 12
constraints:
- type: equilibrium phases

temperature: 900
pressure: 1
feasiblePhases:
- FCC_A1
- BCC_A2
- HCP_A3

requiredPhases:
- BCC_A2

infeasiblePhases:
- LIQUID
- SIGMA

- type: scheil-gulliver solidification
startTemperature: 2500
feasiblePhases:
- FCC_A1
- BCC_A2
- HCP_A3

- type: LC density
max: 11.5

- type: AM cracking susceptibility
criteria:
- Kou
- iCSC
- sRDG

It is crucial to define the spaces in which both ther-145

modynamic and machine learning (ML) models operate,146

as well as the spaces available for exploring potential147

solutions. For instance, design spaces such as stain-148

less steel (SS) to V and Ti-6Al-4V to Cr are defined149

by their constituent elements and associated thermody-150

namic databases, which must be capable of represent-151

ing the desired space. These spaces provide the foun-152

dational data required for accurate modeling and simu-153

lation. Within these elemental spaces, specific design154

spaces like SS, Ni-Cr-V, and Ti-6Cr-4V are delineated155

based on their component compositions and intercon- 156

nected through common representable spaces, such as 157

Ni-Cr in SS and Ni-Cr-V and Cr-V with Ti-6Al-4V. These 158

design spaces serve as the operational domains for the 159

models, enabling the exploration of various phase equi- 160

libria, solidification paths, and property optimizations. By 161

clearly defining these spaces, designers can leverage 162

both thermodynamic and ML models to navigate com- 163

plex material systems and identify optimal solutions that 164

meet the specified constraints and criteria. 165

elementalSpaces:
- name: SS_V

elements:
- Ni
- Cr
- Fe
- V

tdb: Bobbio2021.tdb
- name: Ti64_Cr

elements:
- Ti
- Al
- V
- Cr

tdb: MyTitaniumAlloysDatabase.tdb

designSpaces:
- name: SS

elementalSpace: SS_V
components:

- [0.096,0.200, 0.704, 0] # SS
- [0, 1, 0, 0] # Cr
- [1, 0, 0, 0] # Ni

stitch:
- edge: Cr-Ni

targetDesignSpace: Ni_Cr_V # Must have Cr-Ni
- name: Ni_Cr_V

elementalSpace: SS_V
components:

- [1, 0, 0, 0] # Ni
- [0, 1, 0, 0] # Cr
- [0, 0, 0, 1] # V

stitch:
- edge: Cr-V

targetDesignSpace: Ti64_Cr_V
- name: Ti64_Cr_V

elementalSpace: Ti64_Cr
components:

- [0.862, 0.102, 0.036, 0] # Ti64
- [0, 0, 1, 0] # V
- [0, 0, 0, 1] # Cr

The final component in this improved design process 166

involves defining the specific goals associated with the 167

problem. These goals can vary depending on the con- 168

text, such as path calculation in the design of FGMs 169

or the search for maximum property values in the con- 170

text of singular material design, like High Entropy Alloys 171
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(HEAs). For instance, the path plan outlined in the YAML172

file specifies a transition from the SS design space at a173

particular position to the Ti-6Cr-4V design space. This174

path calculation is essential for FGMs, where a gradual175

transition between materials with different properties is176

desired. In contrast, for HEAs, the focus might be on177

identifying compositions that maximize certain proper-178

ties, such as strength or corrosion resistance. By clearly179

defining these goals, designers can effectively utilize the180

defined design spaces and constraints to achieve the de-181

sired outcomes, whether it be a smooth gradient in FGMs182

or optimal properties in HEAs.183

pathPlan:
- designSpace: SS
position: [12, 0, 0]

- designSpace: Ti64_Cr_V
index: -1

This approach highlights the potential of utilizing184

both machine and human-readable formats to stream-185

line an automated workflow with reusable problem state-186

ments. Known information, such as feasible and infea-187

sible phases, can be presented as constraints for sim-188

ulation, along with desired property results like density.189

The design space can be defined not only by pure el-190

emental boundaries but also by specific alloys within a191

database, such as Stainless Steel. Desired paths can be192

mapped from starting points, considering constraints to193

identify optimal routes. This structured input can then be194

used to generate custom Python scripts for specific pur-195

poses, or callables, based on pre-generated templates.196

Utilizing templates ensures uniformity and repeatability197

across new systems. When new properties need to198

be implemented, the generation scripts and templates199

can be modified to accommodate different model prop-200

erties, maintaining consistency and adaptability in the201

workflow. By implementing a system of reusable prob-202

lem statements, data structures, and custom callables,203

researchers can efficiently create solution spaces, cal-204

culate properties, and plan optimal manufacturing paths.205

The tool’s design prioritizes metadata retention, ensur-206

ing that the provenance and context of calculations are207

preserved, which is crucial for reproducibility and fu-208

ture analysis. Furthermore, its adaptability makes it an209

ideal platform for incorporating ML models as "oracle"210

callables, enabling the seamless integration of AI-driven211

predictions into the design process. Perhaps most im-212

portantly, this framework facilitates the rapid packaging213

and distribution of customized tools alongside publica-214

tions, enhancing the reproducibility and dissemination of215

research findings. This approach not only streamlines216

the current workflow but also paves the way for more col- 217

laborative and iterative advancements in AM material de- 218

sign. 219

Additionally, designing materials for AM presents sev- 220

eral challenges that cannot be easily overcome by brute 221

force ML approaches alone. The space between well- 222

studied alloys remains largely unexplored, making ex- 223

trapolation difficult and risky. The vast design space re- 224

quires highly efficient search strategies to be practical. 225

This compositional space of alloys is often represented 226

as a simplex rather than Cartesian coordinates, neces- 227

sitating specialized optimization techniques. Currently, 228

tools for AM material design are fragmented, each ad- 229

dressing only a specific aspect of these problems. To ad- 230

dress these issues coherently, there is a pressing need 231

for a unified, extensible framework that integrates vari- 232

ous tools and methodologies. Such a framework would 233

enable end-users to efficiently explore the design space, 234

easily adjust parameters, and reproduce results. This 235

approach would not only streamline the material design 236

process for AM but would also facilitate the development 237

of novel materials with tailored properties for specific ap- 238

plications. 239

To reach this end , AMMap, a python tool for Additive 240

Manufacturing Mapping of Compositional Spaces with 241

Thermodynamic, Analytical, and Artificial Intelligence 242

Models is developed. Its purpose is to enable design 243

of additively manufactured materials, particularly FGMs, 244

by enabling easy description of the complex space made 245

available and necessary for this purpose. It helps guide 246

compositional design through the currently implemented 247

methods and by providing a framework for allowing any 248

number of different criteria for design. Currently, high- 249

throughput equilibrium and Scheil-Gulliver simulation can 250

be used for phase formation information as well as differ- 251

ent criteria for the crack susceptibility of a given alloy to 252

efficiently plan a material. Some chemical information 253

that can be found via linear combination such as den- 254

sity or provided from existing python tools such as root 255

mean square atomic displacement are also included. By 256

virtue of being open-source and python based, it allows 257

easy tailoring of new critera from already available python 258

tools and data or creation of new tools. Ultimately, AMMap 259

is made for putting machine learning, CALPHAD, estab- 260

lished literature models, graph theory, and path planning 261

into a unified reproducible framework. 262

While originally designed as an AM tool, AMMap is 263

rather a complex material design space tool, making it 264

highly applicable to HEA design as well. HEAs contain 265

multiple principal elements [14], in contrast to conven- 266

tional alloys that typically have one principal element, and 267

emerged in 2004 through the work of Yeh et al. [15] and 268
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Cantor et al. [16]. The inclusion of multiple principal el-269

ements can lead to materials with interesting properties,270

such as high strength, corrosion resistance, and radia-271

tion resistance. However, the multiple principal elements272

also lead to a high-dimensional space needed to repre-273

sent them, where AMMap proves beneficial.274

Many types of high entropy materials exist, and AMMap275

is designed to be able to adapt to any type. Multi-276

Principal Element Alloys (MPEAs) or HEAs [15]–[19] are277

the most directly related, as the existing CALPHAD metal278

databases allow for the full application of the imple-279

mented tool, alongside the ability to apply more HEA-280

specific tools to the design space. High Entropy Ceram-281

ics (HECs) [20], High Entropy Metallic Glasses (HEMGs)282

[21], and organic High Entropy Polymers (HEPs) [22]–283

[24] would also benefit from AMMap. The ability to au-284

tomatically create and represent the compositions in a285

computer-readable space allows for the application of ML286

and other computational tools to explore and design such287

materials.288

HEAs excellent mechanical properties, including hard-289

ness [25], ductility [26], room temperature strength [27],290

and refractory strength [28]–[30], and functional proper-291

ties, such as superconductivity [31]–[33], catalytic perfor-292

mance [34], [35], and magnetic behavior [36]–[38]. Phys-293

ical, mathematical, and ML models for property predic-294

tion on HEAs would greatly benefit from AMMap’s simplex295

space, creating uniform spaces where property gradients296

can be mapped and used in HEA design or exploration.297

2 Methods and tools298

2.1 Representing Compositional Space as299

Traversable Graph with nimplex300

In its core, AMMap leverages the recently-published al-301

gorithm for construction of graphs representing all dis-302

cretized compositions (e.g., at 1 or 5%) in a given system303

and all possible equidistant transitions between neigh-304

bors [39] implemented through nimplex (NIM library305

for simPLEX spaces). Such graphs enable efficient306

representations of non-Euclidean compositional design307

spaces, which underlay majority of materials discovery308

efforts, while maintaining correctness of distances, sim-309

plified thanks to the equidistant nature, and high perfor-310

mance of the statically-allocated data structure, even for311

complex high dimensional spaces. Furthermore, graphs312

are inherently suitable for joining into larger homoge-313

neous representations, which can be leveraged to si-314

multaneously explore many adjacent problems, as show-315

cased later in Section 3.2.316

Graphs can also be iteratively explored through nu- 317

merous established algorithms (see Section 2.2) to tra- 318

verse the space in some informed fashion or establish 319

continuous paths between feasible points, such as one 320

depicted in the Figure 1 example, to facilitate design of 321

FGMs. 322

Figure 1: A quaternary compositional graph with 6 divisions per di-
mension resulting in 84 nodes (discrete compositions) and 672 edges
(possible moves). A set of nodes has been manually selected (high-
lighted in pink) to depict a toy example of infeasible points, which
forces a non-trivial path (highlighted in red) to traverse between start
and end nodes (purple).

nimplex has been written in Nim language [40] en- 323

abling high-performance computation and data storage, 324

but can also be used to (1) produce NumPy [41] ar- 325

ray files from command line interface (CLI) and (2) be 326

compiled with a Python interface covering all main use 327

cases, both of which can be leveraged by AMMap. Fur- 328

thermore, in addition to graph construction, nimplex can 329

be used by advanced AMMap users to extend its func- 330

tionality through simplex space samplings, uniform grids, 331

and other methods it provides. 332

2.2 Path Planning 333

Graph traversal and path planning are well explored 334

fields of mathematics and computer science, with many 335

high-performance libraries implementing algorithms that 336

can carry guarantees of optimality if certain character- 337

istics are met by the explored graph. For instance, the 338

A* algorithm [42] can be used over compositional graphs 339

computed by nimplex to find the shortest feasible com- 340

positional path while exploring the mathematically guar- 341

anteed least number of nodes [43], i.e., performing least 342

calculations or ML model calls. 343

For demonstration purposes, AMMap tutorials use 344

the Dijkstra algorithm, implemented in the pure python 345
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pathfinding package, which is a widely-used algo-346

rithm for finding the shortest path while meeting the ba-347

sic design specifications of the tool. At the same time,348

nimplex/AMMap’s straightforward graph representation349

can be quickly adapted to most of the popular frame-350

works or explored with custom scripts in any language351

of choice.352

2.3 Equilibrium and Scheil-Gulliver simula-353

tions354

The CALPHAD method is used to calculate phase for-355

mation in alloys by minimizing the Gibbs energy of a356

system with many individual phases, expressed as func-357

tions of temperature, pressure, and composition [44],358

[45]. This method considers both stable and unstable359

regions, allowing for precise thermodynamic modeling360

and optimization of alloy compositions [46]–[48]. To pre-361

dict phase formation, two different types of simulations362

are performed. For slow cooling rates, equilibrium ther-363

modynamic calculations can be used to predict phases364

formed, while fast cooling rates can be predicted using365

Scheil-Gulliver simulations [49], [50].366

Equilibrium thermodynamic calculations involve using367

thermodynamic models to predict phase stability and368

formation in alloy systems by minimizing Gibbs energy.369

These calculations are performed using the open-source370

tool pycalphad [51], which returns phase formed and371

their amounts for a given composition under constant372

temperature, pressure, and composition. Equilibrium cal-373

culations are applicable for slow cooling rates, provid-374

ing information on phases that may be present in the375

system. Despite true equilibrium rarely being achieved376

during AM manufacturing, these calculations are invalu-377

able for predicting the equilibrium state and understand-378

ing solid-state transformations that could occur. Equilib-379

rium is also useful in AM due the repeated thermal cycles380

and post-processing heat-treatments which can lead to381

states closer to true equilibrium.382

To more completely capture the phase formation383

during AM, Scheil-Gulliver simulations are performed.384

Scheil-Gulliver simulations operate with three main as-385

sumptions: local equilibrium at the solid/liquid interface,386

perfect mixing in the liquid phase due to rapid diffusion,387

and no diffusion in the solid phase. These simulations388

predict the formation of solid phases that might not ap-389

pear in equilibrium simulations because of the changes390

in composition of the liquid phase. This is relevant to fast391

cooling processes like AM or welding, where diffusion in392

the liquid and Marangoni flow (liquid transfer on the in-393

terface of the solid and liquid as a result of surface ten-394

sion) cause mixing to occur in the liquid. Scheil-Gulliver395

simulations have successfully been used to study phase 396

formation in AM FGMs by Bocklund et al. [9], [10] where 397

Ni3Ti was shown experimentally to form in a Ti-6Al-4 398

V and Invar FGM, which matched with Scheil-Gulliver 399

but not equilibrium simulation. AMMap performs Scheil- 400

Gulliver simulations using a python package based on 401

pycalphad called scheil [9] which returns fractions and 402

compositions of solid and liquid phases at various tem- 403

peratures under a given condition and efficiently delin- 404

eates the phase boundaries formed during the rapid cool- 405

ing process. The scheil package was further improved 406

in the work by Hui et. al. to distinguish order/disorder of 407

phases [13] allowing for consideration of order-disorder 408

transition. Scheil and pycalphad can be used in a high- 409

throughput process in order to better systematically work 410

through the complex space described by the nimplex 411

grid. 412

Hybrid Scheil-equilibrium method was developed to 413

bridge the gap between equilibrium and Scheil simula- 414

tions, to account for both solidification microsegregation 415

and solid-state transformations. By first performing a 416

Scheil simulation and then conducting equilibrium sim- 417

ulations along the solidification path, solid-state phase 418

transformations below the solidus temperature can be 419

predicted, while accounting for microsegregation during 420

solidification. Although diffusion is ignored in the hybrid 421

Scheil-equilibrium method, it has proven valuable for pre- 422

dicting solid-state phase transitions in FGMs during the 423

reheating process in fabrication [12] and for predicting 424

phases during the post heat treatment [52]. 425

2.4 Including Cracking and Other Criteria 426

Successful creation of AM part relies on more than just 427

phase formation. One of the values of AMMap is that 428

it has been designed so that any property that can be 429

joined to the composition can be easily implemented to- 430

gether in the space for consideration. 431

Primary demonstration of this ability is done using the 432

hot-cracking susceptibility of a material. This is impor- 433

tant because AM FGMs have been shown to crack, even 434

when deleterious phases were zero or very low [5], [53]– 435

[56] due to liquation cracking resulting from the remelt- 436

ing of interdendritic precipitates with low melting temper- 437

ature, solidification cracking due to interdendritic stress 438

and lack of liquid backfilling at the end of solidification 439

process, or thermal stress accumulation from CTE mis- 440

match during cooling. 441

Yang et. al. [12] showcased the ability to utilize 442

five existing hot cracking criteria [ [57], [58]] to deter- 443

mine the susceptibility of a composition to hot crack- 444

ing and its value in predicting crack formation in mul- 445
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tiple FGMs. These criteria quantify hot cracking sus-446

ceptibility by evaluating the temperature drop within the447

cracking-susceptible range during solidification – specifi-448

cally, when the solid fraction is sufficient to form solid net-449

works, but liquid persists in the channels. A rapid temper-450

ature drop indicates an increased likelihood of forming451

continuous liquid films in the interdendritic region, higher452

shrinkage of the solid network, and the potential forma-453

tion of interdendritic precipitates with low melting tem-454

peratures, all of which contribute to hot cracking. These455

criteria can be calculated using information gained from456

Scheil-Gulliver simulation and have been implemented457

into AMMap as examples of additional information that can458

be used for AM material design.459

Additional property models are also available and can460

be easily implemented thanks to the modular nature of461

AMMap. Included in the release version of the package462

are (1) a density callable based on linear combination463

of atomic densities, (2) a root mean square atomic dis-464

placement (RMSAD) ML model for BCC HEAs created465

by Tandoc et al. [59], which can be used as a relative466

strength surrogate, and (3) an intrinsic ductility model for467

BCC HEAs by Hu et al. [60], which can be used to avoid468

brittle solid solution alloys.469

3 Results470

3.1 AMMap Structure471

AMMap is a Python-based open-source software, hosted472

on Github, designed to simplify the process for material473

design while also enabling easy expansion of capabili-474

ties. The workflow, presented in Figure 2, is showcased475

from the starting point of the conceptualization of the476

problem to be solved (step 0), to the resulting (a) precise,477

machine-readible problem definition (blue), (b) problem478

solution and explored space data (purple), (c) readily re-479

producible and reusable problem-specific tool (yellow),480

which can be attached to publications based on AMMap481

as well-defined reusable supplemental information.482

The core requirement of AMMap, when applied to ex-483

ploration of materials through CALPHAD methods, are484

the thermodynamic databases (TDBs) covering the ap-485

plicable compositional space or spaces. This require-486

ment is essential because the TDB file contains the nec-487

essary thermodynamic data for the various elements and488

phases involved in the compositions being studied, which489

are used as direct constraints, sach as constraints for490

applicability of a model (e.g., [60] or [59] work only if491

only BCC phase is present), or to inform models taking492

phase information as input [61]). Thus, without applica-493

Figure 2: Flowlike structure of AMMAP from Problem Statement to
Optimal Path

ble TDBs, no thermodynamic calculations can occur, lim- 494

iting AMMap to only purely compositional models. 495

Multiple TDBs, commonly needed to model dissimilar 496

materials, can be seamlessly integrated using nimplex’s 497

"stitching" functionality, by creating complex spaces 498

unique to each TDB and then joining equivalent points, 499

edges, faces, or more generally, any common subspaces 500

between any number of systems. This integration results 501

in a singular graph that any path-planning algorithm can 502

navigate, while keeping track of a set of individualized 503

callables to perform appropriate CALPHAD calculations 504

and ML predictions. This process can be highly complex 505

if done manually; thus, AMMap streamlines it through au- 506

tomated use of templates and scripts. 507

To perform aforementioned automations, AMMap uses 508

a YAML input format to define the problem and generate 509

the necessary scripts because YAML is both computer 510

and human-readable similar to the example in section 511

1.2. The YAML file specifies the requested TDBs, or in 512

the future specific model weights, for a singular composi- 513

tion space and the desired property calculations, creating 514

all the necessary callables to perform the assessments 515

and any additional analysis. 516

The process results in modular callables created for 517

all composition and TDB combinations for equilibrium, 518

Scheil, and any composition-dependent properties such 519

as density. These callables enable the execution of CAL- 520

PHAD calculations that require TDB specific information. 521

The process is facilitated by easily modifiable callable 522

builders, which use pre-made templates to fill in the nec- 523

essary information from the YAML input. The space can 524

then be created in a Jupyter notebook, edges stitched, 525

and efficiently calculated over using parallel-processing 526

Python modules. Additionally, the example notebooks 527

showcase the necessary scripts to perform Infeasibility 528
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Gliding technique, introduced by the authors in a sepa-529

rate paper, where the design space is iteratively explored530

by evaluating neighbors of feasible points, resulting in531

calculations being done only over the continuous feasi-532

ble regions containing starting points and the infeasible533

surface bounding it. Such approach, skipping calcula-534

tions of insides of infeasible regions and disconnected535

feasible regions (not contributing to path planning), sig-536

nificantly reduces computational cost of running AMMap,537

as shown later in 3.2, without affecting the final result.538

One key benefit of this structure style is that all result-539

ing callables and TDBs can be easily bundled together540

and attached to any work where AMMap was used to sup-541

plement repeatability of the study. Additionally, AMMap is542

designed to be easily extensible to adding new callables.543

This extensibility is achieved through its modular archi-544

tecture, which allows developers to create new callables545

by defining additional templates and scripts. The use of546

YAML input files ensures that new properties and calcula-547

tions can be specified without altering the core codebase.548

Furthermore, the integration with Jupyter notebooks and549

parallel-processing modules means that new functional-550

ities can be tested and implemented efficiently, making551

AMMap a versatile tool for ongoing research and develop-552

ment in material design.553

The end result of running AMMap is a simplex graph554

of nodes with associated property information such as555

phases present after solidification according to Scheil556

which can then be used with any existing path planning557

tool to design an optimal path for an FGM.558

3.2 Demonstration joining SS316 to Ti-6V-4Al559

As mentioned previously, joining stainless steel to ti-560

tanium alloys is a desirable FGM due to their associ-561

ated properties, but remains a complex problem due562

to obstacles including formation of known TCP phases563

such as the σ phase forcing non-linear paths involving564

other alloys selected from a spectrum of candidates. In565

particular, there is a significant interest in design of a566

path from stainless steel (SS) 316 to aerospace-grade567

titanium grade Ti-6Al-4V, which are idealized here as568

Cr19Fe72Ni9 and Ti90V10 chemical compositions in Cr-Fe-569

Ni-Ti-V quinary space, to remain consistent with past de-570

sign studies. Most critically Bobbio et al. [5] calculated571

feasibility, defined as less than 10 at% of TCP phases,572

for all ternary systems using Scheil and equilibrium cal-573

culations, manually fitting them together to form a path574

from SS316 in the Cr-Fe-Ni ternary, to Ni80Cr20, to pure575

Cr, to pure V, and finally to Ti-6Al-4V, and then experi-576

mentally validated the path through the fabrication of the577

FGM.578

While it is not challenging to navigate the space to find 579

a path, as feasible regions of intermediate alloys found 580

in [5] create clear conductivities, it still can be used to 581

showcases the possible complexity of FGM path plan- 582

ning if the goal is to find an optimal path per a defined 583

objective such as the shortest continuous path. 584

Figure 3 showcases the high complexity of how the 585

10 possible ternaries in the Cr-Fe-Ni-Ti-V, a system with 586

just 5 elements, can be combined together to consider all 587

possible moves between them. 588

Figure 3: Schematic graph of the 10 ternary systems and 30 binary
connections between them.

The same space has been selected to demonstrate 589

the ability of AMMap to improve this process via automa- 590

tion and efficient space designation and exploration. The 591

same TDBs were used to ensure that there were no 592

differences in the computational results. A YAML file 593

was created, linking the respective ternary spaces to 594

their respective TDBs, and Scheil and equilibrium re- 595

sults were specified as desired. The AMMap script for 596

automated callable construction was then used to gen- 597

erate them, followed by generation and stitching of the 598

10 ternary spaces, each containing 703 discrete compo- 599

sitions, done within a Jupyter notebook tutorial. 600

The equilibrium and Scheil results were run in parallel 601

utilizing supercomputer resources. To avoid excessive 602

computational time for the Scheil simulations, Infeasibil- 603

ity Gliding (IG) was used to reduce the total number of 604

points calculated. For constraints, equilibrium was per- 605

formed at 1000 K, and Scheil took 1K steps from 2500K 606

until fully solidified. All ordered and disordered FCC, 607

BCC, and HCP phases were considered feasible, with 608

the presence of other phases making a composition in- 609

feasible. Results, feasibility, and the simplex stitching 610

graphs were saved as JSON files. Using IG, 4439 out 611

of 7030 points were avoided in equilibrium simulations, 612

and 3729 infeasible points were avoided in Scheil simula- 613

tions. The shortest path was then found from the position 614
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on the grid most similar to the SS316 composition, repre-615

sented as 18.8Cr-71.9Fe-9.4Ni to Ti-10V using Dijkstra’s616

algorithm. The full result can be seen in Figure 4. Here,617

the difficulty in manual path finding becomes clear, as in618

order to visually represent that each ternary is connected619

to six other ternaries, an amorphous shape results.620

Figure 4: Lower-dimensional (3D) visualization of the graph repre-
sentation of the search space with the identified path (crimson), fea-
sible compositions (green), infeasible compositions (pink), and not-
calculated interiors of the infeasible regions (gray).

The automated path found differed from the previously621

manually identified path, with the only constraint that it622

was the shortest possible route avoiding any possible623

formation of infeasible (e.g. TCP) phases. The result-624

ing path can be seen in Figure 5, which shows 3 ternary625

systems selected from Figure 4 through which the path626

passed. The new path navigated closely around the in-627

feasible region in the Cr-Fe-Ni ternary, to the Fe-Cr bi-628

nary, into the Fe-Cr-V, to Cr-V, to Ti-V to Ti-10V. This dif-629

fers mainly because the machine created path navigates630

around infeasible regions in a C-like shape in the Cr-Fe-631

Ni and Cr-Fe-V systems to ensure the shortest possible632

path. The route found by Bobbio et al. [5] had instead633

chosen straight lines with emphasis on binary and unary634

alloys. The new path also showcases how boundaries635

between systems are inconsequential when choosing a636

path through the continuous straight line from Cr-Fe-V to637

the Ti-V binary in the Cr-Ti-V system. While it is more ef-638

ficient, it does lack certain considerations brought on by639

outside knowledge. One such example is that Fe-V alloys640

have considerable risk of σ phase formation as shown641

by the large infeasible region in Figure 5. Bobbio et al.642

[62] had also previously shown experimentally V to stain-643

less steel FGMs cracked due to σ phase, which can be644

seen in the top-left part of Figure 5; thus, the avoidance 645

of Fe-V may have played a role in choosing which sys- 646

tems to navigate by experts, while an automated search 647

navigated around the problem in unbiased fashion and 648

finding the shortest path while still ensuring avoidance of 649

the σ phase. 650

Figure 5: Subset of compositional graph containing only the 3 ternary
systems traversed by the shortest feasible path with the identified
path (crimson), feasible compositions (green), infeasible composi-
tions (pink), and not-calculated interiors of the infeasible regions
(gray).

4 Conclusions 651

Computational design of compositionally complex mate- 652

rials is a challenging task, especially when the design 653

space has to account for manufacturing constraints while 654

simultaneously handling calculations of constraints and 655

objectives. AMMap is a novel open-source tool which 656

enables users to define material space exploration and 657

path planning problems in consistent, readable fashion, 658

while building on top of existing literature tools treated 659

as largely independent modules. Primary advantages of 660

AMMap include: 661

• Automated generation of simplex (compositional) 662

graph representations of the design space with 663

nimplex [39] to allow for representation of elaborate 664

design problem spaces in homogeneous fashion. 665

• Stitching of graphs utilizing different thermodynamic 666

databases (TDBs) into singular traversable graph, 667

allowing for fully automated path planning across 668

composition regions which overlap but were not 669

modeled together, which is a major obstacle in tra- 670

ditional joining of dissimilar materials. 671

• Infeasibility Gliding technique prevents exploration 672

of internal infeasible regions to avoid unnecessary 673

calculations (not contributing to pathfinding), drasti- 674

cally reducing total computational cost. 675
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• Generation of modular callables for thermodynamic676

(equilibrium and Scheil-Gulliver) and other calcula-677

tions to further inform material design or selection.678

• Path planning deployment of established graph al-679

gorithms over the created design space, using a680

backend of choice.681

To demonstrate the above advantages and automated682

space exploration with AMMap, the continuous path de-683

sign has been conducted to connect a stainless steel and684

a titanium alloy alloy through 10 ternary systems, follow-685

ing on past studies [5]. The exploration has not only re-686

quired just half of the computational cost, relative to tra-687

ditional enumeration approach, but also identified a more688

optimal (shorter) path than chosen by previous works, by689

considering all 30 possible connections between underly-690

ing ternaries to find a non-obvious path requiring turning691

back.692

5 Code Availability693

AMMap code (beta version), examples, and other materi-694

als have been made public and are available in a GitHub695

repository at github.com/PhasesResearchLab/AMMap.696

Future releases will be published through the same697

repository, integrating additional functionalities. Instruc-698

tions for installation and running of AMMap as well as how699

to add new properties as functions are included there.700
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