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Microstructures and Mechanical Properties of Reduced-activation
Ferritic/Martensitic (RAFM) Steels with Ti Substituted for Ta
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Abstract The aim of this study is to examine a feasibility to substitute Ti for Ta in reduced activation ferritic/mar-
tensitic (RAFM) steel by comparing a Ti-added RAFM steel with a conventional Ta-added RAFM steel. The
microstructures and mechanical properties of Ta-, and Ti-added RAFM steels were investigated and a relation-
ship between microstructures and mechanical properties was considered based on quantitative analysis of pre-
cipitates in two RAFM steels. Ta-, and Ti-added RAFM steels were normalized at 1000~1040°C for 30 min and
tempered at 750°C for 2 hr. Both RAFM steels had very similar microstructures, that is, typical tempered marten-
site with relatively coarse M,,C, carbides at boundaries of grain and lath, and fine MX precipitates inside laths.
The MX precipitates were identified as TaC in Ta-added RAFM steel and TiC or (Ti, W)C in Ti-added RAFM steel,
respectively. It is believed that these RAFM steels show similar tensile and Charpy impact properties due to sim-
ilar microstructures. Precipitate hardening and brittle fracture strength calculated with quantitative analysis of pre-
cipitates elucidated well the similar behaviors on the tensile and Charpy impact properties of Ta-, and Ti-added
RAFM steels.
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Table 2. Heat treatment conditions of the investigated
steels

Tempering
750°C, 2.0 hr, WQ
750°C, 2.0 hr, WQ

Normalizing
1,040°C, 0.5 hr, WQ
1,000°C, 0.5 hr, WQ

Specimens
Ta-RAFM
Ti-RAFM

Table 1. Chemical compositions of the investigated steels (in wt.%)

Steels C Si Mn Cr w \% Ta Ti N
Ta-RAFM 0.09 0.12 0.54 8.17 1.95 0.21 0.08 - 0.0026
Ti-RAFM 0.08 0.12 0.45 9.09 1.07 0.21 - 0.07 0.0019
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Fig. 1. Phase diagrams of the investigated steels calculated by Thermo-Calc program: (a) Ta-RAFM and (b) Ti-RAFM.
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Fig. 2. SEM micrographs and EDS results after normalizing: (a, b) SEM image and EDS for particles in Ta-RAFM and
(c, d) SEM image and EDS for particles in Ti-RAFM.

L aRe D) lpm v/

Fig. 3. SEM micrographs after tempering: (a) Ta-RAFM and (b) Ti-RAFM.

Fig. 4. SEM micrographs at higher magnification and EDS results after tempering: (a) Ta-RAFM and (b) Ti-RAFM.



Ta A7HdA A Ti 71 AARE} selo| EAl2Zalrlo| B 7o) njx|zxzt 7]41% 54 57

1000
] s @Ruts @ E1}-35
900
] 28.2 Lao
. 8004 24.8 .
P 2 &
S 7004 c
= A S
B 600 %
c 1 =
2 500 =)
0 1 w
400
300 .
Ta-RAFM Ti-RAFM
Specimens

Fig. 5. Tensile properties of Ta-RAFM and Ti-RAFM
after tempering.
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Fig. 6. Charpy impact properties of Ta-RAFM and Ti-
RAFM after tempering.

Fig. 7. SEM micrographs for quantitative analysis of precipitates: (a) Ta-RAFM and (b) Ti-RAFM.

3274 &

RAFMAOIA Tie] Ta W7} 71A1E &3 v
= Gl disl golry] 28 I = 54 Al
S XA 1 A= Fig. 59} Fig. 60 Uehy
Atk WA, Fg. 59 H¥HHE Ta-RAFM# Ti-
RAFM®] 72 1 545 UeEITH Ta-RAFM
o] 7%, IEAES} AFFETE 242 506 MPa,
649 MPagj.om, QA2 24.8%% ZAHHA=d], o]
+ F82HY| 7|& Aels FARIATH19]. ToEs T
Z YA T-RAFM B35S 455 MPa, 7874
T 600 MPa, Z18]al AA18-S 282%= Ta-RAFM
Ih= vwslds W Aert 9 50 MPa WA =3
HAo, Axlge] Qo o =& FhS HERARITH
Fig. 60l }l9H ¥ 7 AFH] et 29 GelA
o] AHFAFTAUAE YERII=T], A= AL
gt T4 AsS BA. dHEolUA(USE)E Ti-
RAFMo] 306], Ta-RAFM©] 2592 =4, A
A FA FHolL=(DBTT)= olUA|H o) % (Energy
Transition Temperature, ETT)S ®lgo2 £43}

A=, Ti-RAFMo] -72°C, Ta-RAFM©] -66°CZ
SAE T4 542 F AlFHelA et 2jo]
E JERIATE iAE fARE AeE sdEn 2
HH o2 Ta-RAFMZ Ti-RAFME A2 fA}SH
g 2 T4 548 YRRl

3.3 O|M=2{2t 7[AIN Sdof ot

Ta-RAFM} Ti-RAFME Hg & MX H&&
9] 257} TuC, TiIC = (T, W)CE & 7S

Aelstar A= FARE WAEZS VR T
Al AR PR o= st 1 3 54
54 =g AR 22 vEi Zle® Helth
Ta-RAFM=} Ti-RAFM®| w23} 717412 5739
FBAAE ] ffete] wHEE, 53] A=et
Aol Fa3 FEFE vIH= HE=ol i A
S AARIATE MEE] A7 4o &85
SEM ©[v]AZS Fig. 7ol YeplSIct. viAlz2] 23}
M= HEgxel, FiEos A e Fejo] A
B MyCelH, Al 48] 4552 MX=



- el - A E -

MX

04
20 2490 o

Probability (%)

Mean Particle Size : 8.85nm £ 4.5nm

0 15 20 25 30 35 40 45 50
Particle Radius (nm)

58 A7 - ol AE - FER
M33C6
30
Mean Particle Size : 54.43nm + 30mm
25
. 204
Ta |3
a Z)“ 154
-RAFM | 2
B 10
54
0 '
0 30 60 90 120 150 180
Particle Radius (nm)
30
Mean Particle Size : 60.10mn + 21nm
254
204
Ti e
Z s
:'E"I:: 104 “
04 III.....-
0 30 60 90 120 150 180

Particle Radius (nm)

Probability (%)

Mean Particle Size : 8.91nm + 3.1nm

10 15 22 2 3 35 40 45 50
Particle Radius (nm)

Fig. 8. Size distribution of precipitates of Ta-RAFM and Ti-RAFM after tempering.

Table 3. Summary of quantitative analysis of precipitates in Ta-RAFM and Ti-RAFM after tempering

Precipitate | Specimens [Mean precipitate size (nm)| Precipitates area fraction (%) | Interparticle spacing (um)
Ta-RAFM 54.43 10.7 0.61
M23C6 ¢
Ti-RAFM 60.10 9.2 0.79
MX Ta-RAFM 8.85 0.71 1.65
Ti-RAFM 8.91 0.68 1.73
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