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Lattice Defects of Cold-drawn and Aged Fe-36wt%Ni Alloys and Effects of Additions of C and V
on Hardness and Thermal Expansion

Kazuo NakamA, Shinichi Furuva, Kazuki Sucita, Koji INOUE and Yasuharu SHIRAT

Synopsis

: Fe-36wt%Ni invar alloy has been widely used for precision parts where dimensional changes with temperature are unfavorable. In the view-
point of industrial application, high-strength with low-thermal-expansion alloys are in increased demand for structural members such as
power cables and electronic devices. Additions of alloying elements to and cold working on Fe-Ni alloys are effective methods that enable
the alloys to strengthen, although these modifications also influence the magnitude of thermal expansion. In this study, effects of additions
of 0.2wt%C and/or 0.8wt%YV on hardness and thermal expansion of cold-drawn and aged Fe-36wt%Ni invar alloys are reported. Hardness
in solution-treated and as-drawn conditions increased with addition of C, and, when both C and V were added, hardness of the alloy reached
its maximum after aged at 650 °C. Besides an increase in hardness with addition of any of C and V, thermal expansion below Tc became
smaller in as-drawn condition than in solution-treated condition. Measurements of positron lifetimes revealed that vacancies introduced by
cold-drawing were annealed out through aging up to 300 °C and dislocation motion was activated at 500 °C. Both vacancies and dislocations,
especially C-dislocation complexes, seemingly influence the decrease in thermal expansion. While graphite precipitation in the C-added invar
alloy showed no hardening, addition of C and V to invar alloy resulted in secondary hardening by vanadium carbide precipitation when aged
over 500 °C, which realized high-hardness and low-thermal-expansion.
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Table 1. Chemical compositions of investigated materials, in

mass%.
Material Fe C Si Mn Ni Co \
Invar Bal. 0.001 0.19 0.19 35.79 | <0.01 0.01
Invar-C | Bal. 0.208 0.21 0.19 35.78 | <0.01 0.01
Invar-V | Bal. 0.212 0.20 0.19 35.95 | <0.01 0.85
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Fig. 2. Variation in hardness of cold-drawn Invar alloys with ag-
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Fig. 4. Spontaneous magnetization of Invar (a), Invar-C (b) and Invar-V (c) in solution-treated, cold-drawn and aged conditions.
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Invar-C (3 &AM 12 S S 23 U Tl 72 Zfilriig 12 7 -
72DIZHR L, Invar-VIZZEE L 2 LHEO T ETH - 72,

%5, Fe36%NiA&IdME A — 27+ 4 METH %23,
Fe-Ni R TIENIREDKTRMLIckD~v LT v+ 4 Ml
IEETDEIENnDHD, ZZTYLT VY4 MAOEEA

WY 27280, 51t KOREX T 274 MHER
ISR T & 5 400C IOV T X 27 -7 & &
A, BT =2+ =274 MHOATZILT V¥4 b
AR X e o 72,

WA, Bl 5 & O 4R — REh AL ER B 0 3% i AU 8 - H
BRBIER 21T - 72, Fig. 712, Invar D (a) 5l1Hk#E, (b) 51k
—300CHhH, (c) 5lHk— 550 C R 36 K OF (d) BlHki—
650 CHERIM OB M T H 4 /R4, 51HRMIZIE, LT
WA I NEAER TR0 &, B FORKFRIGIZL S
BT Y T A AR OFHIH TR S N, 300°C IRFRhALERA
TR 5 720 SS0CHRFRMLEEM TIX, 51 & D & HEAL
BN L, KEZ100mfEEDOH T /L4 V6 L&
DOPRE N0, ZOFHIAHTH 5, 650C K= TI,
THAS S DSEAT U T & 12 e iy & B ik 2 B L Tn
720

Fig.81Z, Invar-C & Invar-V ® 51 — 550°C B¢l k4 0 % +
SARSEEE, Bl o 1Bl S 5 & CEDX A il R &
RY, Invar-C TiZ, Fig8 (a) DI IZ1 yumFHOKE XD
Mriti P 3 58 & o7z, Fig.8 (o) 12789 & 512, EDX A0 #
&2 ZOMBOMBIZIZIECTHEZ ENTh 5,
Fig.8 (b) OE TR GII AR 2o —KETH D, [
PV o onsdilizRe 5 &, fubisEnilA 5, 0.350m,
02Inm, 0.120mCTH VD, 277 7 7 4 I D dfiE0.348nm (hkl
=002), 0.2127nm (100), 0.1228nm (110) &{IEIF—3K L 7=,
F 7z, 650CHKFIMIC S AARICE IR E L7227 T 7 74 b
AHTHI L T2z, Tnvar-VIZIE, Fig8 (d) 1SR d & H 1Tk
&9 200nm DT A EEE X 7z, Fig8 (e) BKU () @
EDX MR & EHRDIITEA R $ & 512, 2o
FIZVECEEGALTHED, ZOERBHED 5T E
$0.420m DIHO L REE T H - 720 CRBG%E & D VCIZRE
FER041~0420m DBI#EE & G SN TH D, Invar-V
IZBIER SN VC T % L lalE & iz,
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Fig. 7. Transmission electron micrographs of Invar in cold-drawn condition (a), aged at 300°C (b), 550°C (¢) and 650°C (d) for 2 hours.

IS OMBZEA & Fig2ll i & xttbd 3 &,
Invar & Invar-C D554, 500°C LL_b D BERDALEL I P fill X
METT 20N THEMONE SN IEE 2720 ThH D, )
W 650°C LU LTl G stttk & 7 o T VA LELELIRRE
ERFEEDO X IZF TR T2 DIZx L, Invar-VOLGA,
650CIFRNTIZVC A L, PRfGa A EN Rk &£
5ZLERLTNS,
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Z T T, FeNiRA YN —HEDOMMEIZE D 5 Rt A,
Fe-Fe B4 M i3 Fe-Ni Jii 10 O J5l 1 [ PR 12 i < e s h T
W3 Z e, AMERA SO TR A TN, Figo !,
BIERIT N AT 72 Wi 12 D TRk & [alis X B 72 28 5 X
BRI %217 > TR S NS T2 E, AV Fe-Ni gy
SO FATIIZERER S0 Lt L RS, BT E — 2 12134
ElE EBR D B AIZIB C22IAA 0 A d D, R L TWhW 5 0DIiE



5 RN — R LEEL 72 Fe-36wt%Ni 4>/ Y =5 &R 1K bk, B, ZURIZKIZS C,V D

.

0 ? | § '
DRT-LI I 2R O

Fig. 8. Transmission electron micrographs, (a) and (d), electron diffraction patterns, (b) and (e), and EDX spectra, (c) and (f), of the
precipitates observed in Invar-C and Invar-V aged at 550°C for 2 hours. (Upper row: Invar-C, lower row: Invar-V)
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Fig. 9. Effect of cold-drawning and aging temperature on lattice
constant of invar alloys.

{1k, 200b # &0 2200 BT E — 2 (72 &K 72451
ERD YA T D 5 o [HEAL PR RE DR T2 B,
B C D% Clnvar & U Invar-C & Invar-V D J5 23K Z Wy, 5
HT2EREIZEEIDH S EDDONThOMRESE LR TE
BOAMETT U 720 BEhIREE 300~650°C T id Invar-C DA 15
B AR Tlnvar 25/ NDIETH 1, 650C RO T-E K
1%, Invar T EVA(CEVIFIREE & 1T RFEE IS THEIML
720125t U, Invar-C & $#12 Invar-V 13 [l VA (L ZULBLIR RE K
DEELTF LT,
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4, ZE

Table 212, FEHAEROBER % F L 72, Fe-36%NiA&D
1 7R g & MR LI RIZ S C, VIR X U5 Hh—Ksh
WMEEORE L, Zh b nEfERE KO X125 2 221k
DWNTUTIZERT S, KAERO S HEUZRICE L T,
R s KO FEROZ e TEAS L, LTD
BT SR IE VM v & BEEYEM v 6 72 D Weiss D2y
EFALY ERICLCTEMMIZHMATTREEE X S, L2L
BMRS, BIRMOZEBICOWTIZI AT TR T &
WEB Y B O, KT R E DRIDH O OB S R % G A
720

[ ACEVLBRIREE T, P 1 FarllE 5% (Fig.s) »
SIETRMGMWFEEFEL A — 257 F 4 b HHOHMFET
b5, EFEEIICHRIMz XML TH D (Fig9), /b
AT 12 R ATIZ[EVE U 72 C A% Fe-Fe J5 1 FREE % 134
Tk, BTERDP/NEORBREN v & 88 TE
Bk & oaiigte v, 2 K0 wEb L, HREBIL TcD L
5 (Fig4) #8726 L TWwWbE&EFL16N%, ZORACD
TEF D728, Invar-C TIEMELNL T v,— v 1 NDZEALE
U277z BUER A K& < k> T3 (Fig3 (a)) &HfEEX
nb, VECEREHZHRML 72 Invar-V T, & 1EEldcC
HHRMOBA LR UL 5k E L 550, VIE FOHIH
AT — 2 Y METEM OO0, BREBALS TeNDC
ORIRAEWRES 5 LI, BRI LR XT3,

SR T A fid &, K22 LR O 7Kg A
X5, BE T Far (Figs) » 6, 2o XE»EL T
WBZ EMNN BN, CHNIL 72 Invar-C & Invar-V D K i
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Table 2. Summary of the present investigation.

Material |  Properties Conditions
Soltion- As drawn Aged at Aged at Aged at
treated 300°C 550°C 650°C
Invar Hardness 123 HV 213 HV 220 HV 196 HV 140 HV
TEC ™" 1.631 1.196 1.496 2.173 1.625
M 119.4 116.9 - 119.5 -
Tc 285°C 261 °C - 290 °C -
Microstructure | Annealed Deformed FCC | Deformed Recovered | Recrystallized
FCC rich in FCC rich in FCC FCC
mono-vacancies | dislocations
Invar-C Hardness 165 HV 300 HV 299 HV 250 HV 156 HV
TEC ™" 1.903 1.127 0.932 2.169 1.748
M™ 125.9 123.8 - 124.6 -
Tc 293 °C 285°C - 295 °C -
Microstructure | Annealed | Deformed FCC | Deformed Recovered | Recrystallized
FCC with C | rich in vacancy | FCCrich in FCC with FCC with
in type defects dislocation | precipitated | precipitated
solid-solution type defects graphite graphite
Invar-V Hardness 169 HV 303 HV 303 HV 304 HV 320 HV
TEC " 2.296 1.693 1.598 2.692 1.874
M™ 118.9 1157 - 119.0 -
Tc 282 °C 270 °C - 295 °C -
Microstructure |  Annealed Deformed FCC Deformed Deformred Recovered
FCC with C | rich in vacancy | FCC rich in FCC with FCC with
and V in type defects dislocation | precipitated | precipitated
solid-solution type defects VC VC

1) TEC: Mean thermal expansion coefficient between 50-150°C, in x10%7K
2) M: Spontaeous magnetization in magnetic field of 8x10° A/m at 30°C, in emu/g

WFInvar &K D B EFHFMTH 5, ZDInvar-C & Invar-VIZHE T
RGBS EDE D B DI S TIEENE DD, CHH
5 U722 L RGO TR D & %, C A BA T 5 Fe-Niy
T, BIEERIZ L AN LOTAEIT BT LS5 12 C-%
FLRAVER U CEARRIHL 2RI T Sbh Tl Y,
ZD &S 5 C-ZIERTIO KRGS U T3 W REERE
Zo6N5, B, 2f L EOREAR S D ERGE 15T
MIZEEEC TSRS &5, £/, 5HICKD,
TR DWW (Fig.) R HREBALOIKT (Figd) B4ET T
W5, ZAUTHRIENE v WARGE & 78 0 RO NE v AN
LzZEERTEDTEDHAS, 2T, 5HRICEK D B
RHPWAD LB AEZ AL S, & L, WM LEEDO$ DI
& % Fe-Fe Jii - %} OB KB RAL DRI 72 & 4 5
&, ZOFe-Fef T xHIBMBEMEXT ThRIFIE A S 0.
BREE S, KEEAE A & 72 5 ORI ERICRE S g
ey, = KB v Z S X BN TH D, v i3m0
EZOERMNEL 5505 ThH5, L L, KEERTIZ
W, P EROWDRLEAREILOETDO LS 127,00k
DERETIEREES>TED, 5K B IEEERILO
BB H B EEZEL 50847 EBbR S, Bl AT,
ILAEA XN D ERETEBUS L L TN 55, 22
FLOMTEEFRIZ I\ T, BRI & 7= 22 FLALE S -2
BB X R FEBIT TP E LTAREL K50, 2ROKT
MBI L B3 7120 BHROEMIZINELS BT &b,
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ZEHLDTEAE D EIZIRIC T DJREK (D—D) &FEZ TEAH
SRCIE e, FEBE, Invar D a so.150c 13, 300°C BRI O J5 H
BIEME D &R E < B->THD (Fig3 (b)), Z DIRE
THELIRIBEE Z 5 LZ2fLOMIENZE L 72§81t
H 5, —7J T, Invar-C & Invar-V T3 300 C KR T a so.150C
WERLTOBENWILEFHEL TS LIIZRALS, T
NOEBBETIFM2 S 015 KD ICHEFISEA S
KRIGFEA T D, F2dF@EAHNZ &5 5, LA ETR%
FiAvN &, FIBIRRIRIVN S WL RIGZ > 18
ABH5ZEHTED, LaL, BugakizB L TIE, Invar-C &
Invar-V D5 M TE LUK FLAEZ LB A5 L, CHH
B4 288 RIGD S5 &M BN K E V. LA g, 300C
EESIM COIRBUE IR A MEFF L T b 2 e h 6, 2L Tidk
{EfL & CA 6 28 5 RIGAEL T3 L illbh 2 2551
IEIAHTH 5, ZORIZBEL T, 5%, BE1FHFia A X
7 ML DL T & R BgE oy D S & oK ©, Rk %
FIE L7295 2 COMmMBPRETH 5, &%, SS0CKEIM T
B TOMHREEOERAE S ZFE L EFLTWE0DE
ISR, 2 7 = X A3 BIRRITAMTH D, Z DK
Rl SHOFETH %,

513 — 650 CI%h§ % &, Invar & Invar-C O i & 13 [H ¥4
{LELPRIRRE & RIFEEIZ & TIK T L, Invar-V CTid kil
k=2 LD SROERFGEOT TREHE &k 5
7z (Fig.2) o Invar i FFAS 238 T L CIRIEMR G TH D,
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@ sos0c \E 22 LA EITE U 72 300°C Wi & S5 & 7 5 7=,
Invar-C T, asoisocid 5k & D k& <, T iZ VA L2
WERFA L D IR E VWS 4 YN—AE e LT LL &
WES AR L TR D, ZHIGERRIK T ICE 54 5
IN5CLHEMN2S LRGN NE L 7= 2 &, [HE
COWMDTHRTFEBDNEL ko722 8I2kb8DEHEZ
5Nb, —7, Invar-V T, 5IHMIZILHCT 21K @ so.150¢ &
EVALEVLERM & RO Te #F L TH D, EHA v
IN—=HE e UTHSE BB 2l 4wz, 2hi3, Ve
MHIZEBE~ ) 2 206DV ECOPEHD a so.150c = 1K
T, v )7 ALDERTFERBKENVCDELSH
W2 K BRI 288 T2 OB A T & LR X828
DEHEHE NS,

5. #&

il

Fe-36%Nif 4 (Invar), InvariZC% f02%% I L 7=
Invar-C, 5 X OInvarlZC & VAE ZNZNH0.2% & 0.8% R
MU 7= Invar-V % A4 & U, 5130001 - B sh L PRIk RED
il &, Bk X OBE R OME %217 - 72858, DUT
DOHIR #1372,

(1) 1IN % 323 72 Fe-36%Ni A G2 EA S h 288 T
KRG s, 22fLMEO KRG 300°C LT OERHAENIZ L b
W18 L, #6700 K kG 500C UL THIE % BME L 7=, {8
L, CAEAT508TIE, ZhoXRics 2584
MACHERMAEEL D BH» - 7=,

(2) [EACEKELIRRE B X OB IR IS I 1) 5 i & 13,
COMRMIZE D ER U7, BIH%ICHERARE 4 5 &, VI
WO LA, i X13300~400C BLEDOBRITIK T L, 650
~700C TIZIFEAE L REELS ICE T T A5, CEVE
iR 5 & AL L C650C TRENE X A6 N
770

(3) BdRICBL C, AR Z T T, BT XRIRS
WEAREL TS EEL NS, Z{LE BURA KT &
B3 H, K C Ll 2B 5§ 2 RG2S AR 2 I h & &
BERMAAEFVEHRIE NS,

(4) Fe-36%Nifr& D @& ki id, 5 Mo nvar-V D &
I, BRI K BB RE R TdH 5. W) 2k
IGBEOBIIZ KD, B S AKEEE O A T EET &
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