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Abstract The aerospace and power generation industries have an increasing demand for high-temperature, high-
strength materials. However, conventional materials typically lack sufficient fracture toughness and oxidation resistance
at high temperatures. This study aims to enhance the high-temperature properties of Nb-Si-Ti alloys through ball
milling. To analyze the effects of milling time, the progression of alloying is evaluated on the basis of XRD patterns
and the microstructure of alloy powders. Spark plasma sintering (SPS) is employed to produce compacts, with
thermodynamic modeling assisting in predicting phase fractions and sintering temperature ranges. The changes in the
microstructure and variation in the mechanical properties due to the adjustment of the sintering temperature provide
insights into the influence of Nb solid solution, Nb5Si3, and crystallite size within the compacts. By investigating the
changes in the mechanical properties through strengthening mechanisms, such as precipitation strengthening, solid
solution strengthening, and crystallite refinement, this study aims to verify the applicability of Nb-Si-Ti alloys in
advanced material systems.
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Fig. 1. X-ray diffraction pattern of Nb-Si-Ti alloy powder
according to ball milling time.
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Fig. 2. SEM images of Nb-Si-Ti alloy powder ball-milled for (a-1) 1 h, (b-1) Sh, and (c-1) 10 h; BSE images of powder cross-
section by milling time for (a-2) 1 h, (b-2) Sh, and (c-2) 10 h; and EDS elemental maps of (a-3), (b-3), and (c-3) corresponding

to (a-2), (b-2), and (c-2), respectively.

Journal of Powder Materials (J. Powder Mater.)



7]

X

A g

)
it

=23 37t

F} B-NbsSi; ] Fo] HEH= AL FE3t A=A
7] wjEo|t}. AhLol A 0-NbsSis Ao] B-NbsSiy AH.c} oF
A Aoln, o] =& Prs ;—t—umé] 2 Azt
W main 9] A H3LE T E 2 T o3 HAb
B-NbsSi; o] Weatal, o] Dy Agto] o Al u}
g} 2ol A] P A Q] a-NbsSi; o] A== 53 A
= Kok "E Agto] 5AZF o) Ao EEol A Zr
AFeHEo) sFe Fo] 30%= FZolA BEE L, 20 Al
F 279 A HEEE g9 Axr) moksth &
4 34 ol AREE Zr AFSHE &A1) e} Bol|A] 7]
213} Ao F Nb-Si-Ti &9l Zr0, 2] Hel= Ex)sh,
2108} 22 AkslEo] g 2ol EAE AT AskE
kel gk A3t AR % a1 VAA EA4S &
B7} 7Es3HH25, 26]. WEbA zr AFalEo)] 93 Nb-Si-Ti
%:1 /\;q],] 7]74]24 E/H S 6%1%]7]1:;{] 7]0]‘6‘1— 7}4\3
satE), 2eiu S el AkskEe] 9 B& ol 2
re A5 A= 7H SHORE 7IAIA EAS ASHA
E e9og A8 5 9lom(26], Zr0,2 o] F=r}t
=

)

=8 20hy TF BLe 7|A1A EAo] Agjdoew e
ACE ALRHH, o= 2849 wAlT2e} B5 Wt A
o

= g E‘H _,ji]-sl- cﬂ;g ]1;].
Figure 2= 2& Al wje} Alzd B¢ 342 SEM
olm| A (Fig. 2 (a-1), (b-1), (c-1)s} 2 &A BSE ©]7]A]
(Fig. 2 (a-2), (b-2), (c-2)), EDS ¥4 A3}(Fig. 2 (a-3), (b-
3), (c-3)) oItk & Y AS 4 Algto] F71El
we} o] A 77F AR} wAsi AT FAlN] & E FF
Foll B 7] Witk oFF, S o3 A7 & B

1374.3°C

9] S

DTA (mW/mg)
i

-104 473.4\0(:

~

50 250 450 650 850 1050 1250 1450

Temperature (°C)

< Nb-Si-TiA| = 7)ol &3k A+ 33

I (Fig. DA A gt upe} o] =) Ajzhe} F7tel wt
2t s A HE RS Yvlstar, 1h 203 5h 27
o] EDS °o]u|A|Z Hlus|HE Aoz Si dao] 3
o] 3fAH} FAl Nb 949} Si PAv) Mukyo g 3
ZA #3E3ka AT

e e A 1S AAE] S8l 10h 2y =4
23y g A7 (Fig. 3 (a))
oF 470°Col A FEuH3- oF 1370°CoA] ‘:‘1—_}0&‘:&0% 7
Z ZH|oFH 4
o] A% 578 2o}k Eai7) < 380°C°ﬂ/\1 i
3 [27], 470°C F-Zol| A v S9ukg-& ?FL el
Yol w2kl 2glolglite] B2 <
1370°C9] HAHHE-S ERIskaA} G938} AlEY o] A
E¢)o]Q]l TCFEI12 Hlo|EH| ]2~ 2] Thermo-CalcS 3l
=3 Aak(Fig. 3 (b)), =7} 74l Wt §F Yol
NbsSis, MsSis((Nb,Ti)sSis), BCCy 2] E-8-0] H3lg o,
oF 1500°CllA] 3Fao] €857 ol DTA &4 2}
2 1370°Co A BT = Hgdukg-& B Yol AHY
A, 88 B AHE R 1S Ao

10h 28 270 BEE AZXH Nb-Si-Ti 5 SZAE
XRD #4¢ A7(Fig. 4 (a)), AN A Theket o]

rfﬂu

E

o] B, FF Bze] XRD 4] Aol 1gh

AE3 FABIAT 2AA A E Bow g2 BCC, A

o] Fo] A=, 22 T4 F Ve = ﬂi—sﬂ
=< o] E} ol & 2 34

Nb# Tioll F-8EH S ov|¢l

o) Axd ET NbsSi; —*—Zﬂo]-oﬂ o, &4
T4 T T B 1o ﬂ,gr 7}al Ao wek Nbek
Ti AAFZ ol 7|8} &3 9471 31-850] BCC,, o)

N
~_: o{N Hm

FAEASS onlstH, @98t 71uke] Alewlold A
(Fig. 3 (b))°4] BCC, ol B 5 &8 Zv= 4%}
AX| AT,
(b)
1.0
—BCC, —M,Si
Nb,Si, —— Liquid
c
il
3
©
©
£
3
2
o
[

1600 1800 2000

0 T
1200 1400
Temperature [°C]

Fig. 3. (a) DTA curves of the Nb-Si-Ti alloy powder ball-milled 10 hours, (b) Thermo-Calc calculation diagrams with TCFE12

database.
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Fig. 4. XRD spectrum of Nb-Si-Ti alloy sintered by SPS at different sintering temperatures, showing (a) the full range and (b)

an enlarged pattern in the 37.5-39.5° range.

Table 1. Vickers hardness of Nb-Si-Ti alloy sintered from pow-
ders with different milling time by SPS at different sintering
temperature

o Milling time
Sintering temperature

10h 20h
1300°C 1200.0 +£25.8 1232.6 +27.9
1400°C 1122.7+19.2 978.7+33.7
1500°C 475.8+64.5 -
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Fig. 5. BSE images of Nb-Si-Ti alloy sintered from powders with 10 hours by SPS at different sintering temperature: (a) 10 h-
1300°C, (b) 10 h-1400°C, (c) 10 h-1500°C, (d) 20 h-1300°C, (e) 20 h-1400°C and (f) EDS point analysis results marked in (c).
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4. Conclusion
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