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Refractory alloy components are difficult and expensive
to fabricate

These alloys have a variety of applications in extreme
environments:

» Nuclear fusion systems (divertors, plasma facing
components)

» Space nuclear power and propulsion
» Elevated temperature environments (>1500C)
» Aerospace systems and rocket nozzles

» Hypersonic applications The HIDRA (Hybrid Illinois
Device for Research and
Applications) fusion device at ZA¥
Machining difficult UIUC’s Center for Plasma Facing ¥
Materials Research

Fabrication expensive due to amount of waste

CPMl.Illinois.edu
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AM of réfra'ctory metals has many benefits

Additive manufacturing (AM)
can help reduce fabrication
expenses of refractory
materials:

» Used to fabricate near-net-
shape components

» Powder recycling reduces
material waste and cost
associated with fabrication

» AM promotes fabrication of
particularly complex structures

L-PBF tungsten,
ultra-fine
lattice,
UC=0.5mm
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tungsten test
print of nTop
optimized
heat
exchanger
design

Courtesy of B. Colon



After print parameter optimization, results still
unfavorable

High thermal gradients and reheating result in
residual stresses that can cause cracking

Brittleness of some metals results in stress-relief
through microcracking

Porosity often due to lack of fusion

How to decrease cracking and porosity in AM
refractory metals?

» Grain refinement
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Current neéd for rigorous approach to-AM refractory alloy design N%

Some work with adding ceramic dispersoids has L-PBF Pure W L-PBF W + 0.5 wt% ZrC
shown promising results - <

A few studies have shown that adding ZrC and TaC to
tungsten AM feedstock helped reduce cracking

No justification for why the ceramic or the composition

was chosen L-PBF Pure W L-PBF W + 5 wt% TaC

S 200 pm
N

J. Chen et al., JALCOM 897 (2022) 162978. K. Lietal., IRMHM 79 (2019), pg. 158-163.
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Direct i.mpa'ct of nanoparticle is unclear due to melting m%

Nanoparticle melting can be caused by: L-PBF W + 0.5 wt% ZrC

: : STEM results showing ZrO, nanoparticle formation
» Low nanoparticle melting temperature compared m

to base metal

» Melting temperature suppression of nanoparticles

» Aggressive print parameters
L-PBF W + 0.5 wt% ZrC SEM-EDS results

K. Li et al., JRMHM 79 (2019), pg. 158-163.
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Nanoparticle melting L-PBE W + 5 wt% TaC e L-rBFi\\N +5 w;%Tac -
can be caused bv: results showing hexagonal an
y Mulipl layers SEM Images orthorhombic W, C

» Low nanopatrticle
melting temperature

compared to base
metal

e

» Melting temperature =
suppression of

nanopar.tlcles. . - —" N 8
» Aggressive print 1 - = B2

parameters

@i =
Tt e VTR i ; (0111)
' o e A : SN { ° 55 . ®  (o110)

Z Z . (0111)
L

Result is different
compounds form,such =~~~ = swie s 0 -
well as cellular structures = 1 a0 . ’ b [
If large amounts added | 20wl ts | sl

S 7 e 10 pm | <
= 10um i o | — \

J. Chen et al., JALCOM 897 (2022) 162978.
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Current neéd for rigorou_s approach to-AM refractory alloy design

The goal of this work is to prevent cracking
and improve printability for AM of refractory L-PBF Pure Tungsten
metals AT SN R .
v .}g"n i’ § s 1Y
: . : = 5 "/"J?‘f‘\ff ; \ |
|dentify and utilize computational tools to narrow , e )v\\ v e
down the experimental space o ,“?;\' : ]
TF : @ 4 - R -+
Utilize computational approaches for AMalloy % /., £ L,; ;
design, validate with experimental work ~ L e o V’g (s
- —4 ~.} ;tf_‘;
/ a J Ls /
{ ey ; N
_ | i ?‘L_ e /’% |
Want to add small amount of other material, L = T
prevent large changes in properties G } N
LI =l 2
A il 0

Is melting good or bad??

NASA RAAMBO, unpublished.
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Nanoparticles added to AM feedstock can Scheil solidification curves

have multiple effects:
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» Act as grain nucleation sites

Temperature (°C)
(%]
@
(9]

» Promotes equiaxed grains during fabrication

510

4851

460

0.0 0.2 0.4

Al+Zr forms intermetallic compound early in rracton ol sl i
solidification process

Al7075 + Zr Effect of adding ZrH

of AM Al7075

nanoparticles on cracking

Does not change
Scheil curves

o P

Cracks Residual porosity
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AI7075

—AI7075 + Zr

Fraction of solid, f

0.95 1.00

J. Martin et al., Nature 549 (2017), pg. 365-369.




Nanoparticles can act as grain nucleation sites

Nanoparticles added to AM feedstock can a8
have multiple effects: ol Al7075 + Zr
Stress-strain curves
for different AM & ;41 AISILOM
» Act as grain nucleation sites aluminum alloys = e
. . . L £ 200}
» Promotes equiaxed grains during fabrication ? A
| — + £r
. . . 100
» Reduces grain size, promoting decreased S oMg
DBTT o L~ Al7075 . | .
0 2 4 6 8
» Prevents grain growth by Zener pinning Elongation (%)
strength strength modulus  to failure
Material (MPa) (MPa) (GPa) (%)
o AM AI7075 (Te) NA 25.5 NA 0.4
These effects can result in increased strength, Wrought Al7075 372-469 462538 717 3-9
f (Te; plate)
nearmg the valueS Of Wrought metals AM AI7075+Zr (T6) 325-373 383-417 63-66 3.8-54
AM AISi10Mg 209 315 694 7.3
AM AISi10Mg (CL31)32 170-220 310-325 75 2-3

Measured and literature values for comparative alloys; ranges listed when available. ‘“T6’ refers to
the heat-treatment condition; ‘plate’ refers to the specific material; AM, additively manufactured,;

NA, not available.
J. Martin et al., Nature 549 (2017), pg. 365-369.
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s melting good or bad?

L-PBF W + 5 wt% TaC

Promising results but melting may result in smaller SEM Images

Impact of nanoparticles

Bad because different phases formed
» New phases could be undesirable

May be okay if secondary  gect of 2r on AM of AI7075 I I
phase forms at AI7075 4. ZF .
beginning of e s
solidification

How to best
predict
nanoparticle
Influence?

Cracks Residual porosity
J. Martin et al., Nature 549 (2017), pg. 365-360. J. Chen et al., JALCOM 897 (2022) 162978.
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Used nanoparticle melt temperature as initial
selection criteria

» Should allow us to look at impact of solid nanoparticle
vS. melted nanoparticle

Disqualified

’ Tm,ceramic < Tm,metal

Likely will melt

’ Tm,ceramic < Tm,metal + 100

Good candidate, T

m,ceramic

>T

m,meta

+100

Potential CDS (T, cps = T metal)

NbC| TaC
W

HfC

SiC

VC

Mo2C

Mo

Nb

Ta
Re

Ir

C103 (Nb-
based alloy)
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Compufatic’mal DOE determined_ by database availability

Not all material systems have been assessed for different databases available

» Material systems where database is critically assessed are best

Additional selection criteria:
» Cost
» Neutron absorption cross-section

» Oxidation and corrosion resistance

Disqualified, no database available

May require verification

Well evaluated database available

Base Metals m (°C) Potential CDS

of Interest WC TiC ZrC NbC TaC HfC SiC VC Mo2C
W 3410 HEA HEA, Ni Ni HEA, Ni HEA, Ni [Ni, HEA Tent Ni HEA, Ni
Mo 2610 HEA, Ni HEA, Ni HEA, Ni HEA, Ni HEA, Ni |Ni, HEATent| HEA, Ni HEA
Nb 2468 HEA, Ni HEA, Ni |Ni, HEATent| HEA HEA Tent | HEA Tent Ni, HEA Tent
Ta 2996 HEA Ni Ni HEA Tent HEA Ni, HEA Tent HEA, Ni
Re 3180 |Ni, HEA Tent HEA, Ni [Ni, HEA Tent Ni HEA Tent | HEA Tent
Ir 2466
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Built in Crack Susceptibility Coefficient property
modeler is used to predict hot cracking

» Several options

» Based on work of Yan and Lin
» Recent update for Kou method

» Essentially looking at worst case scenario

Constant Heat Flow
dQ/dt=C

0.81

o
P

Mole percent C
o
»

1.0 M I

M

0.2 0.4 ;
Mole percent Zr
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Similar trends seen for most materials -

CSC is highest at low amounts of the

added material

Developed DOE based on compositions
obtained at same points along the curves:

» Composition less than that at max CSC

» Max CSC

» Max CSC/2
»Max CSC/4
»Max CSC =1

Changed DOE some based on mixing

results

Used TCHEAG

2025 TMS Annual Meeting

Crack Susceptibility Coefficient
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Computatiopal Methods

CSC Constant Cooling Rate curves for different material
systems

CSC of W with ZrC

Crack Susceptibility Coefficient

Crack Susceptibility Coefficient

.
.
.
3
.
075 100 125 150 175 200
Mole Percent ZrC
CSC of W with TaC
8
ER
¥
*




Large initial experimental DOE used

Mo + ZrC
(400 - 1200 nm)

Mo + ZrC
(80 nm)

Mo + ZrC
(20 nm)

Mo + TaC
(300 nm)

W + ZrC
(400 - 1200 nm)

W + TaC
(300 nm)

0.15 mol%
Heat-Treatment (HT)

0.15 mol%
Print Param-Dev, HT

0.15 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Deyv, HT

Experimental DOE Based on CSC Results

“ CSl at Composition < | Max CSI Max CSI/2 Max CSI/4

0.3 mol%
HT

0.3 mol%
Print Param-Dev, HT

0.3 mol%
Print Param-Dev, HT

0.38 mol%
Print Param-Dev, HT

0.21 mol%
Print Param-Dev, HT

0.24 mol%
Print Param-Dev, HT

0.6 mol%
HT

0.6 mol%
Print Param-Dev, HT

0.6 mol%
Print Param-Dev, HT

0.68 mol%
Print Param-Dev, HT

0.42 mol%
Print Param-Dev, HT

0.46 mol%
Print Param-Dev, HT

N/A
N/A
N/A
0.82 mol%

Print Param-Dev, HT

0.76 mol%
Print Param-Dev, HT

1.35 mol%
HT

1.35 mol%
HT

1.35 mol%
HT

N/A

N/A

N/A

2025 TMS Annual Meeting
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Looked at Scheil curves for each composition

Results show decreasing crack
susceptibility as more material is added

If nanoparticle melts, predictions often
showed a different phase solidifying

» Databases do not have oxygen, needed
for more accurate predictions

» New phases could be undesirable

» No way to predict if nanoparticle forms
early on in solidification process using

Schell

» Can predict potential early-on formatiogy,_tac
by looking at the phase diagram

» Phase diagram helps with identifying

carbide formation

Comparison of Scheil curves for different
compositions and different material systems
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Looked at ohase diagrams to pfedict'other phases formed

Results with added ZrC tend to be more
complicated than those with added TaC

Looked at both binary and pseudo-binary
phase diagrams

» Binaries: Mo-Zr, Mo-Ta, W-Zr, W-Ta

» Pseudo-bhinaries: Mo-ZrC, Mo-TaC, W-ZrC,
W-TaC

» Mo-ZrC: ZrC forms first, then Mo,C
» Mo-TaC: Mo,C forms first, then TaC

Mo-TaC
»W-ZrC: ZrC forms

» W-TaC: agrees with literature that W, C
forms first

2025 TMS Annual Meeting

Mo-ZrC &

Comparison of phase diagrams for different

material systems

3000 3500
LIQUID
LIQUID+BCC_B2
3000
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— 2500
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W-ZrC §2»
g BCC_B2+FCC_L12
E
5 1800 BCC_B2+FCC_L12 5
= = 1500
1250
1000
10001
750 BCC_B2+FCC_L12+HCP_A3#2
500 : : 500 :
0.000 0.005 0.010 0.015 0.02¢ 0.000 0.005 0.010 0.015 0.020
Mole fraction of ZrC Mole fraction of ZrC
3000 3500
—
LQuib — LIQUID+BCC_B2
27501 — -
—
2500 30001 \\“\
BCC_B2 e —
2250 BCC_B2 T
—_ - — 2500 _
5 5 FCC_L12
& 2000 = — HCP_A3#2
g g — MC_SHP
£ 17501 W-TaC z:zw - — Liauip
3 @ BCC_B2+HCP_A3#2 BCC_B2
a8 s y -
& 15001 BCC_B2+HCP_A3 5
= F 1500+
1250 BCC_B2+FCC_L12+HCP_A3
1000
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500 . . 500 : :
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Mole fraction of TaC
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PBF System

00l W S04

EOS M100 Metal L

Experimental Methods
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Acoustic mixing promotes uniform

Acoustic mixing is less aggressive Resodyn LabRAMII Acoustic
Mixer with Cooling Fixture

than mechanical mixing methods !

Homogenous mixture can be achieved for
a variety of mixtures

Cooling fixture used to prevent powder
overheating during mixing

Stainless steel vessel can also handle
higher temperatures than plastic

2025 TMS Annual Meeting i Experimental Methods



Mechanical mixing techniques
tend to cause difficulties with
spheroidization

Mechanically Mixed, low e
RAS 2000 oh Bs

Acoustic mixing promotes uniform
nanoparticle distribution

» Spherical AM powder shows no
damage after mixing

» Particle size distribution does not
change

of 600 >
890029,

sﬂa‘ o.s’aos- ¢
ps330;

NASA RAAMBO, unpublished.
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Acoustic mixing does have limitations . | N%

Observed a saturation limit of
nanopowder homogenously mixed

BSE Image

Caking of ZrC seen after mixing 0.6 mol% in
Mo

» Saturation limit dependent on nanopartlcle

size

Spherical Mo + ZrC
(400-1200 nm)
Acoustically Mixed

NASA RAAMBO, unpublished.
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TaC does not disperse similarly to ZiC

TaC sticks to itself, resulting in TaC
balls/agglomerates after mixing

Mo 0.10 mol% TaC Mo 0.38 mol% TaC

-

BED-C 15.0kV WD 10.1mm  Std.-PC67.0 HighVac [81x1,000

BED-C 15.0kV WD 9.9 mm Std.-PC 67.0 HighVac @,\'1,000

NASA RAAMBO, unpublished.

2025 TMS Annual Meeting g Experimental Methods




Parameter optimization performed with slightly “complex” shape N(@q

Specimen geometry allows us to evaluate print
parameters for a more realistic shape Example of parameter optimization
. I : sample cross-section

Build plate with several
samples for parameter
optimization

Example of parameter B | G

optimization sample ' ' |

burnout at build plate
interface

Direction

NASA RAAMBO, unpublished.
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Crackin'g much more prominen't.in tuhg-sten

Initial print parameter optimization
performed on pure metal

He-pycnometer results higher than
OM due to cracking

» He infiltrates the cracks

Print parameters optimized
for molybdenum

¢ -
\.

~*

Build
Direction

Print parameters optimized
for tungsten

.'3,_ ) oSN

1 o U R J»‘ K

< ' 35
. ., v = . . 8 : £
v : TR 3 . | 2 Y z -r" ’ r; . R/ £
> 52 ¢ i Fo oA I L :

Density (He Pycnometer): 99.3 %TD
Density (Archimedes): 95.6 %TD
Density (OM Image Analysis): 99.2 %RD

Density (He Pycnometer): 99.5 %TD
Density (Archimedes): 96.7 %TD
Density (OM Image Analysis): 95.7 %RD

NASA RAAMBO, unpublished.
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Experimental DOE summary

Varied composition, print
parameters, and performed HIP
on one set of samples

A response to HIP is evidence of a
reduction in cracking

HIP cannot be used on tungsten
due to its high melting temperature

» HIP furnaces cannot reach
temps required

Large DOE based on
computational work

Molybdenum Summary

Dispersoid in Mo Print Parameters | Total Samples

ZrC400-1200 nm 4

ZrC 80 nm 3 5 15
ZrC 20 nm 3 5 15
TaC 300 nm 3 5 15

Tungsten Summary

Dispersoid in W Print Parameters | Total Samples

ZrC 400-1200 nm 4
TaC 300 nm 4 4 16

2025 TMS Annual Meeting
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Initial Mo-ZrC (400-1200 nm) results follow CSC trends m\sa

sartitime)

Thermo-Calc’s CSC property modeler seems to
reasonably predict results

HIP data can help verify

6
-
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23
w
x
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©
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52
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Build 0
Direction e Percent ZrC
Mo + 0.15 mol% ZrC Mo + 0.30 mol% ZrC Mo + 0.60 mol% ZrC

NASA RAAMBO, unpublished.

500 pm 500 um 500 um
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Initial Mo-ZrC (400-1200 nm) results follow CSC trends N{é\sﬁ

Thermo-Calc’s CSC property modeler seems to Mo + 1.35 mol% ZrC

reasonably predict results

HIP data can help verify

Direction
Mo + 0.15 mol% ZrC Mo + 0.30 mol% ZrC Mo + 0.60 mol% ZrC

No large difference between 0.6 and 1.35 mol% Build ‘

NASA RAAMBO, unpublished.
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NASA RAAMBO, unpublished.

100

8

As-built density results using different methods all N \ 7

- 6

follow CSC trends Density with CSC = \// 5
overlaid ‘E o7 4 3

Mo + ZrC samples all had a higher porosity than pure Mo % j

95 1

94 0

1 1 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Mo-optimized parameters used Build NI
> Parameter Optlmlzatlon needed DireCtion —@—p He pyc (%TD) p Archimedes (%TD) p Optical (% RD) CsC
Pure Mo Mo + 0.15 mol% ZrC Mo + 0.60 mol% ZrC
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Decrease in density likely
due to nanoparticle bl
coverage affecting laser it )

Interaction during printing

Saturation limit also small . e
effect f

NASA
RAAMBO,

T | unpub.
Vot
RO
. -
Comparison of Mo-ZrC 1.35mol% : e
Sample Densities o * .
100 ¢ o e
S 99 y = 0.9432In(x) + 92.555 T o
5 R2 = 0,9714 2
@ 98 T I e
© 97 "
o A T s v
< 9% é ............. s 5
X g e y = 0.7945In(x) + 91.402 ® Average i
o R%2=0.7527 Archimedes &
o 94 Average OM T Pl ¥
|_O 2 3 @ . .
X 93 ® .
v S N A A N TPTPYPYD Log. (Average [ . |
= 92 ) 5 \ N2
5 Archimedes)
> 91
<
90 -
10 210 410 610 810 1010

Particle Size (nm)
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Mo + 400-1200 nm ZrC Mo + 80 nm ZrC Mo + 20 nm ZrC

Observed non-melted powder

BSE Image 1000x
e e 4

due to complete coating of N e
<100 nm zrC 2 S / e re
< o ' AT
. . e \\ : \!*.. \ N iy fa :
Larger nanoparticle size seemed =~ = J ikl IR ey
Y Ny 3 ; .
to agglomerate at the bottom of .« - (‘/ {' N : Ve
melt pools \ N oS § Seuae |

ooooo

» Also seen in W-ZrC

» ZrC doesn’t seem to melt in Mo
but does agglomerate

W-ZrC 0.82 mol% EDS

ceiy o B |
i & R R Y 1 J
B ————)
__; s ‘ : f 100pm | ! 50um ! S0pm
SR NASA Build
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As-built, experimental results summary for original print
parameters |

= , [ 5 - = =g : g s
A PR 0 O iy o S > 3 Sy Lo '] 4 o N : s Lotk n sy . 5 poeton 2 e
4 S | D rn 2 /s b . -~ ol . Y o B8
' 0.15mol % 0.3 mol P P | SioseaE] mo ; 100
. . A e } “s R SR e Y el b L (LR . s ; ’ e
5. -~ 3 Tk S e i =4 St e i R S - } AN T "
a A o o G -2 iy AL b 2 4 2 = a0 P y S - e r 99.5
- i = L o - -
e S v"¢\.Q4 g .o B¢ 94 ) hn . L 3
Mo-ZrC | = SO A el PR e Y 65 Ak : :
% ¥ L P k2 i 2 L A R TS Ry " ~— ™ nf 5 = - 2 99
s e 3 iy s - A LA . ~
b 4 . S Tl . % =l + . ()
o G [Zasrsed : ] SREaR s B G < - o
: g 2 e S M s AR W D = % =1 . Ao 2 - o
e ‘: 4 1 1 v o - e % S 2 i . * ¢ e ) &\’985
- = ¢ ~ P, ¢ . N R 2 ‘ =
. 3 L i v ‘e BT s B v . ' =
— : - b - * > X
3 P 5 = >
A . = ;S - c
(]
. X 3 Ers 7 o
: 3 97.5
{ o ; 4
'
3 ‘ 97

Mo-TaC i A s ' 96.5

Y - : 0 0.2 0.4 0.6 0.8
Vi : ’ Mole % Carbide

- B . r
. e | e 500 —e—Mo-ZrC AB Mo-TaC AB
> P e . ST : ) 5 j i ‘
X" ,\ o ‘l G A - = ’ - ¥ - ‘ LS . g o > ‘
mol % Mhe L dNOV/o 0 e < MOl 70 : A I 100
’ v b ¥ )4 ‘

- Wi s : _ 4 99.5

i Men s e SRl .» o) X e 5 o D | B \ 3
o )"/ e ¢ S AL y n I ol . g T 4 =3 w R e ] i 99 0
W-Zrc <5 PR .T et ’ o B ~"> 7 e ?t - c. Te 2 A > 2 : = .
Way oAl A, BEEEER RN [ Ll rs - 5 4 98.5

' i * LY . i o @
e e Pl i i . 5 o = ‘ 98
i -9 Seect . z = ooy |- s \ v - =
o it ; o > P = > 97.5 {
¥ v - 1 > 1". = g 7 P4 x{ =
(FRAY LN o - %)
SRR @090 O —R ; el ©
¥ " q.( g R ST o 96.5
e "3 8 ) S » ‘
4 U ‘,. l 5 L 4 Iy & .- = 96
’ \e 2 = ! * »>
~ o : - . *
» , . A | b 95.5
- - - 4

ol R ) s : 34 % i T ' : 0 0.2 0.4 0.6 0.8 1
W-TaC | - , ; ¢ - L

s ‘ e Build b i . s . : : T vl Mole % Carbide
. I | Direction 8 e | W5 . - &

v . N e —e— \W-ZrC AB W-TaC AB

7 Xl PN ; - ’ ‘ . o >
R - . S0 e . S =00 NASA RAAMBO, unpublished.

2025 TMS Annual Meeting § ~ Experimental Results,



EBSD shows smaller grain size in Mo-ZrC sample both in AB
and HIP conditions

» Little to no grain growth observed after HIP heat treatment with

ZrC added

» Large change in density seen, obtaining values close to pure Mo

» Work to be done on parameter-optimized samples

NASA RAAMBO, unpublished.
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Experimental Results

Optical density measurements
for AB and HIP
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Initial Mo-TaC EBSD results show decreased grain size and less

texturing

EBSD shows smaller grain size in W-TaC
sample with small addition of TaC (0.10
mol%)

» Cannot HIP tungsten so unable to
determine grain growth due to high temp
treatments

» Work to be done on parameter-optimized
samples

NASA RAAMBO, unpublished.

Build
Direction
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. : : Thank you for your attention!
Summa 'y an d Fu ture Wor k Feel free to contact me with additional questions:

carly.j.romnes@nasa.gov

Goal of this work is to reduce/prevent AM

refractory alloy cracking through material design o

utilizing computational approaches 5 "

Experimental validation of computer simulations oo, 8w g

underway, issues identified T e Tt s ; .
96

Mole % Carbide

02 04 06 038

Pure metal print parameter optimization Mo + ZrC RS et h Miole % Carbide

__100.0 8

performed, in-process for carbide samples 2 oo AT e, ——MoZICAB —8—Mo-TaC AB
2 980 \/ 243 Pure Mo

Initial results show promising trends, 3 7 ’

particularly after heat treatment § ™0 oz o os

Mol% ZrC
_ _ _ _ —o—ns —o—tip —o-csc Mo +0.15mol% ZrC

Investigate effects of dispersoids on mechanical TE roste [T VRO N2 ;;(; ,4

properties }i’ AL .

Further investigate effects of nanoparticle size _B“"f’ i
Direction :

and print parameters
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Built in Crack Susceptibility Coefficient property
modeler is used to predict hot cracking

» Several options

» Based on work of Yan and Lin
» Recent update for Kou method

» Essentially looking at worst case scenario

Constant Heat Flow
dQ/dt=C
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Similar trends seen for most materials -

CSC is highest at low amounts of the Comparison of CSC Values for different
added material material systems

CSC of Mo with ZrC CSC of W with ZrC
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Large initial experimental DOE used

Mo + ZrC
(400 - 1200 nm)

Mo + ZrC
(80 nm)

Mo + ZrC
(20 nm)

Mo + TaC
(300 nm)

W + ZrC
(400 - 1200 nm)

W + TaC
(300 nm)

0.15 mol%
Heat-Treatment (HT)

0.15 mol%
Print Param-Dev, HT

0.15 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Dev, HT

0.10 mol%
Print Param-Deyv, HT

Experimental DOE Based on CSC Results

“ CSl at Composition < | Max CSI Max CSI/2 Max CSI/4

0.3 mol%
HT

0.3 mol%
Print Param-Dev, HT

0.3 mol%
Print Param-Dev, HT

0.38 mol%
Print Param-Dev, HT

0.21 mol%
Print Param-Dev, HT

0.24 mol%
Print Param-Dev, HT

0.6 mol%
HT

0.6 mol%
Print Param-Dev, HT

0.6 mol%
Print Param-Dev, HT

0.68 mol%
Print Param-Dev, HT

0.42 mol%
Print Param-Dev, HT

0.46 mol%
Print Param-Dev, HT

N/A
N/A
N/A
0.82 mol%

Print Param-Dev, HT

0.76 mol%
Print Param-Dev, HT

1.35 mol%
HT

1.35 mol%
HT

1.35 mol%
HT

N/A

N/A

N/A
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Looked at Scheil curves for each composition

Results show decreasing crack
susceptibility as more material is added

If nanoparticle melts, predictions often
showed a different phase solidifying

» Databases do not have oxygen, needed
for more accurate predictions

» New phases could be undesirable

» No way to predict if nanoparticle forms
early on in solidification process using

Schell

» Can predict potential early-on formatiogy,_tac
by looking at the phase diagram

» Phase diagram helps with identifying

carbide formation

Comparison of Scheil curves for different
compositions and different material systems
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Looked at ohase diagrams to pfedict'other phases formed

Results with added ZrC tend to be more
complicated than those with added TaC

Looked at both binary and pseudo-binary
phase diagrams

» Binaries: Mo-Zr, Mo-Ta, W-Zr, W-Ta

» Pseudo-bhinaries: Mo-ZrC, Mo-TaC, W-ZrC,
W-TaC

» Mo-ZrC: ZrC forms first, then Mo,C
» Mo-TaC: Mo,C forms first, then TaC

Mo-TaC
»W-ZrC: ZrC forms

» W-TaC: agrees with literature that W, C
forms first

2025 TMS Annual Meeting
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Comparison of phase diagrams for different

material systems
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