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Low Temperature Ductility of Ultrafine Grain « Iron and Its
Substitutional Solid Solutions

Masato ENoMOTO and Ei-ichi FURUBAYASHI

Synopsis:

A study was made of the effect of substitutional solute elements on the ductility of ultrafine grain o iron
which was prepared by cold rolling and subsequent annealing to various stages of recovery and recrystalliza-
tion. The addition of Si or Ti was found to have a remarkable effect in improving the low temperature duc-
tility of the alloy recrystallized into the ultrafine grain structure which in an unalloyed condition showed a
very small uniform elongation owing to the plastic instability. Al or Ni addition, however, was not very
efficient. Ni was found to suppress the intergranular fracture which was one of the most important causes
of low temperature failure of iron having relatively coarse grain structure.

Luders strain was also measured and it was found that a critical grain size, d., at which Liders strain ex-
ceeded uniform elongation and a transition from stable to unstable plastic flow occurred was reduced by the
addition of substitutional solute elements.

Possible causes for reducing Liiders strain or d; were briefly discussed in terms of slip character and interstitial
distribution which were expected to undergo a considerable change by the presence of those substitutional

elements.
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Table 1. Chemical composition of alloys in wt%.

Alloy Ni si Al Ti [ Ma | s | ¢ N o
Fe(unalloyed iron) 0.005| 0.009 0.005 0.002 0.004| 0.008| 0.010 0.002] 0.0017
Fe-2Ni 2.05 | 0.01 | 0.005| 0.002, 0.003| 0.008| 0.010' 0.002 | 0.0015
(ay Fe-ISi 0.0l | 1.0l | 0.005 | 0.002: 0.003 0.005' 0.005 0.001 0.0020
A)  Fe-1Al ' 0.01 | 0.0l | 1.06 | 0.002  0.003| 0.005| 0.007 | 0.002| 0.0007
Fe-2Ti | 0.01 | 0101 | 0.005| 1.95 =~ 0.003 | 0.005| 0.009 | 0.002 0.0024
Fe-0.58i | 0.01 | 049 . 0.05 | 0.002] 0.003| 0.005| 0.010| 0.002| 0.0010
(B) Fe-25i 0.01 | 2.00 0.05 : 0.002, 0.003| 0.005| 0.007 | 0.002 0.0025
Fe-2Ni-1Si 1:98 | 0.95 | 0.05 | 0.002 | 0.003 | 0.005 0.009 | 0.002 | 00029
oy Fe-15i-0.05C 0.0 | 1.00 & 0.005| 0.002; 0.003| 0.005 0.048| 0.002| 0.0029
(C)  Fe-si-0.1C 0.01 | 1.08 | 01005 | 0.002 | 0.003 | 0.006| 0.095| 0.002 | 0.0032
Fe <0.001
(D) Fe-2Ni Wet-hydrogen treated 0.002
Fe-1Si 0.002
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Fig. 1. Recrystallized grain size, subgrain size and
areal fraction recrystallized of 90% cold
rolled Fe and Fe-2Ni as a function of an-

nealing temperature.
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Photo. 1. Transmission electron micrograph of par-
tially recrystallized structure which was
obtained by annealing the 9095 cold roll-
ed Fe-2Ni alloy at 480°C for 1h,
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Fig. 2. Nominal stress-elongation curves at various
stages of recovery and recrystallization.
D, P, F and C denote deformed state, par-
tially recrystallized state, completely recry-
stallized state of fine (smaller than 20~30
pm) and relatively coarse (larger than 20
~30pm) grain size, respectively.
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Fig. 3. Ductility-strength relationships of Fe, Fe-
2Ni and Fe-15i alloys with heavily deform-
ed (Xx), partially (/) and completely
recrystallized structures. The specimens
brittle fractured are marked by a horizon-
tal line (—).
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Fig. 4. Uniform elongation as a function of ferrite
grain size. Dotted marks correspond to
wet-hydrogen treated materials.
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Fig. 5. Dependences of Luders strain on ferrite
grain size.
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Fig. 7. Ductility-strength relationships of Fe-Si
alloys with various Si contents. Data of
ternary alloy with 2 at9, Ni and Si are
also included.
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Fig. 9. Ductility-strength relationships of Fe, Fe-
1Al and Fe-2Ti. The specimen fractured
by twinning is marked by a vertical line(1).
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Fig. 10. Schematic diagram for the determination
of critical grain size at which a ductility
transition occurs. The region in which
plastic instability occurs is extended to
larger grain size as deformation temper-
ature is decreased.
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Table 2. Estimated values of critical grain size

dc in pgm,

Alloy 23°C —78°C —196°C
Fe 3 27 !\ Very large
Fe-2Ni 0.5 2 ‘ 20
Fe-18i 0.4 0.9 l 6
Fe-1Al 0.6 — 5 =30
Fe-2Ti ~0 —_— 2.5

BHBLEZLND. L LR, thizXaHEE
hEL, SOFPEERBICART N SicT 5.

Table 2 Wz DX 5w LThkDHEELD d, DIEL
Y. EMEEBTEZRINTS &, Fe ik~ d Ol
DBELLTWBZ Ebhrd. TORTY, BB
MEMZ W T EHEDORE»DH Si & Ti © 4, &
PRSI LD Tw 5. d O, E-0FEES
LFBEERTEEELONRS. I, Fe-2Ni iR
Tpm OFBIFHIRTOTL2EEH 3x10-1sec—! |2 7r
DLWMMARREERE Liz. ZDX 5T, B a gkt
IR TR T AL EBEHTE), ThoBETE X ok
mER de OFLE LTH—WIIBRTE 5.

LIAHT, ZDXSCBERBEBITENY) o — 4% —2
0%, OWTIE de 2 X5 BRIITTH S 5 9.

Zx FE 4~

A et o EAL LA
SN 2 HAT/IV—

Yoar X AW ORI RGeS
ABWEXNTWSECk LN DR ABEETTEDTFLE
RSB E B TREORIMC XL DT ASL BT 5 ¢
EBEZBID. Fe-2Ti NI LA LE—TEEEE L
72Dk, Ti iz X2 T Ciks X NN 78 scavenge X 7-2021)
eDTH5S.

Si L 2WTH, He2FERRE L7 Fe-Si 44T
FE- RO D 2 AT Bbh T SRS T2
LAERDREWE DR s bF RNt Zh i
DLABRGA Fe-Si Ao BERTLE L LTRE LA
5. T =254 MO Si LRABEETE L OME
%mowruﬁbw:&mwewméniwtwﬁ,$
EURINT % &, BRES L CRERRLmsLRT 58
ERERTBZEVF— 290355, LicsioT, Sist
C DR~ DI & 5 112 Cottrell ZRKOH K2 M
WIS BHMERL, TORE, Vo 0FH
BLEEBHELLTWBE L FPreEz 5N 5.

CDESKLEXDHE, Table 225k LI-&E4D d,
DlED, BHRABERTF L BABRISERT L OMTIEH
DESTEHRIND IS5 B4 5.

Lo Lighs, Bz CREXONEZES LAFIFClag
ﬂtﬁ@ﬁ&m%ah&wiifaé.:@:t%%%
TOFELLT, BLROEAHE Lz Fe DFELTHES

HMEMOLOIBHAREEELZRL, BMUBAI VX,
LU, NEOHEMAHBEWEEZISATWS Al 2
LT EESREO DRR ILAE B2 2 n8BIF bR
5.

—H3T, Fe 513 Fe 43T _NDBTLIcER
TAMISIHBEL D, KET (112) §RoBEZ DI
RLBZERFAOLRTWS. 2Dz &3, EFEMCIE
TRYOBOBIROLEIL L IO TEHLN DN, 7. 54
MM 5LEOBEI L 2TV OB KDOE(L
DERFLRED. T, SigifmT s LT (112) +
XY BRTERLICMFIENS.

LIAT, SHGEED 3 KoTeIROG TN DB
BRSNS &, BRPIEH AR LSz ahic s
ET52E08TET, FALESNOPCEFRLELE
BT5X0D, BETIRRNKOTARELA1E
e LTHFCEES DL EE L LNhS. A3 I c
c. EBTY »—#—REBBEbNALVWERD | D, f.
C.C. THREET I TRDFOHEMS LN LEDIF T
5. b.cc. EBTHMOLAOEET T XD ZRAH|R X
g, ) o — = 20FHRBEDTEHEMICE» S &
LRFHEEZLNS. 2D, Y 2—F—20F
HHLHWE de DA, BARBEERERF L OHMAEEHRD

[ S e St TR AT YL Y o 3 AN YA NEIRE o BE A
Vahwtie, o Dz C O U TN aROmRD E T

PRESEELTVOAREERES. L LEksnb, &
DT EZEINTER ST 50101E, B4 2vTo
ST <) OMEOMELLETHS S.

5. & =

T E TEBONAEBROESARKROL Sk 5.

1) C%#) 0.01% &4, HBRFEE LStz X >TH
WU 7R ML 2 3 5 MBI CIEMATIER I
Lv. —196°C CTHIEMNE 20pm LT oM Cclabi:
AEEC X VBRBEBICS R e 4 UTERi L. %
7z, BIEEH 20pm DLbTRIFRRATICR RAE RGBT L7 .

2) Mgk Nix 2% T 5 &, Sigko hodka
DL ETOMREBESHIFIENS. L L, (Mo
HEARLETIH S i,

3) Si & 1 %It % &, B OE O EREEEIL I
HEhisvss, RERN OBE ORI E I X h,
KIE COEESKE LM LT 5. ZOEESE DRI
Siz 0.5% LTI LAERBRT, 2%%
s e, 1% LRABEDSZWIEThL LOSHERD
5.

1) SiOEMREOHRIXCEFED 0.002% 12
LTHIBLAEEDLLW. F7z 0.05% 55 0.19 1)
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LT B L, 2R, REEWEHERERLLT L
%.

5) Si g Ti HHNE o $kOKIBEMN 2 SE T
LB HS. Al KT EAEZ ORI V.

6) C%x#9 0.01% Sk agkD V) o — ¥ — R0
THRREBEBRYEBITCEERMT S L, RURNETHRL
THIGRX D /&L 5. T, MUBKRRE CTHELL
ThHhRRhENT 5.

7)== RAOTHEB—FRHREFE LV RE X
D, BEEOSPEEH, SR LECHBTT 5
ORFE (do) v, ZREEMETT5 LKL, EET
Remnt s LBAOT 5. B, RIREEZE T 5%)
FOKREV S L TiltXsd d OWLHEFELW.

8) BHAEBITENSY =— £ —R0FTHROWVTIXd
2RO IR L ERE, BRBEBERTOFECLSCH
LT ONOBRAMBERFOFEIREOZE L, I X OEIR
DT OEEOELD 2 DDA, LEE L. %
OERE ) RENLFRREZE 250 %.

'8 [

1) W. B. MorrisoN and R. L. MirLer: Ultrafiine
Grain Metals, ed. by J. J. Burke and V. Weiss,
(1970), p. 183 [Syracuse University Press]

2) W. B. MorrisoN: Preprint of 2nd Int. Conf.
Strength of Metals and alloys, (1970), p. 295
[ASM]

3) V. RamacHANDRAN and E. P. ABRAHAMSON:
Script. Met., 6(1972), p. 287

4) fEH, #H: BEREBH¥EEE 28(1964), p. 537

5) R. H. Goopenow and J. H. Bucuer: Trans.
ASME, 91(1969), p. 603

6) S. Takeucur: J. Phys. Soc. Japan, 27(1969),
p- 929

7) C. E. Lacy and M. GensaMer: Trans. ASM,
32(1944), p. 88

8) W. C. Lesr.ie: Met. Trans., 3(1972), p.5

9) #aH, BB sk, 60(1974), p. 118

10) W. P. REEs, B. E. Hopkins, and H. R. TIPLER:
JISI, 177(1954), p. 93

11) R. Honda and H. Taca: Metal Sci. ]J., 2
(1968), p. 172

12) &&f, )1, #K: g L@, 60(1974), p. AS9

13) KHE: &g\, 28(1941), p. 969

14) KHE: g & &, 56(1970), p. 110

15) M. Enomotro and E. FuruBavasHi: Script.
Met., 10(1976), p. 717

16) J. F. ButLer: Acta Met., 10(1962), p. 258

17) P. ABramowitz and R. 4. MoLL: Met. Trans.,
1(1970), p. 1773

18) J. L. Jeruison and N. §. StoLorr Mater. Sci.
Eng., 13(1974), p. 231

19) J. R. Low, Jr. and M. GensaMer: Trans.
AIME, 158(1943), p. 207

20) W. C. Lesuie and R. J. SoBer: Trans. ASM,
60(1967), p. 99

21) H. D. Soromon, C. J. McMaHoN, Jr., and W,
C. Lesuie: Trans. ASM, 62(1969), p. 886

22) T. Taoka, S. TakeucHI, and E. FURUBAYASHI:
J. Phys. Soc. Japan, 19(1964), p. 701

23) W. C. Lesuie: Acta Met., 9(1961), p. 1004

24) 43, B 8L, 62(1976), p. 652

25) §. TakeucHi, T. Taoka, and H. YOSHIDA:
Trans. ISIJ, 9(1969), p. 105

26) #hA: & 8w, 50(1964), p. 2351

— 89 —



