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High Temperature Oxidation Behavior of Borided Steel

Synopsis:

Yoshio SHIBUYA and Takashi ENDO

This paper deals with the study of the high temperature oxidation behavior of borided steel and boride

at various temperatures and time in air.

The low carbon steel was used as the material and the immersion

boriding was done with boric acid and potassium borate as sources of boron supply. In the case of heating
at high temperature in air, the borided steel was expected to be resistant up to about 700 °C while Fe,B fully
existed. The apparent activation energy 25.1 kcal/mol was obtained for oxide formation of the boride Fe,B

in the temperature range from 700 °C to 900 °C in air.

temperature oxidation:

Surface boride Fe,B changed as follows with the high
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DERANMEE 2 RET 57201, & L% OEYLER
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o7 BRI H D DR gL, Dbt
ST AW SRR EEIC 12 DT IR R % DI T30
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U — CTEESWIEE, Brk L.

LB HTER® & [FER© H3BOj; : 20wt%, K,B,Of -
5H,O : 40wt9%, NaF : 15wt2%, K,COj: 15wt9%, Mg
R 10wt% THEICCTX {EAHL, 100°C T L
THrHBEL 7.

AR R EAAERE, BRERE R Z VNS DIEAN
TRGHMB AT D7z RN ERIRE ©—ERHEIR
hith, TV — i Ciies L, MERSIUER L.

Table 1. Chemical composition of specimen

used (Wt%).

I Si |mn | P S \ Nii Cr

0.07] 0.50 | 0.33 | 0.009

0.011‘ 0.024 r 0.016

* HEFN 52 4£5 H 26 A%} (Received May 26, 1977)
¥k Halp B T st B (Prefectural Industrial Research Institute, Shizuoka, 5-9-3

Komagata-dori Shizuoka 420).
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Fig. 1. Experimental apparatus of the

boriding.
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Photo. 1 }¥ 950°C, 3h 3 5{biuEifg 700°C, %X 18
800°C © 16h KRGHINEL L7z & & o Wi sk 2 73
700°C, 16hfpETixiE S {LBREI/E S 28 1, 800°
C, 16h Tixfy 92p ORI A7 — VD3RR D BT,
FobEEREIREh, BLLTE o bEDEI® b T
PCIEA LTWwS. Photo. 213 900°C, 16h k& rhjn
B Uiz b E oMM AZ R T, 700°C, 800°C CTIFAEL
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Fig. 2 j3f& & OIRE TEIREE L UL7ai S {LACTRERIT i
DO E PMARGHTRE RA RS bkXcit, BD
@ 700°C, 800°C F} Xt 900°C T 16h K& rhinEk
w07, bizoWTiE, FeB 12t LTk
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a,

a,

a :700°C, 16h. b :800°C, I6h. A : Oxide scale.

Photo. 1.

B : Boride layer. C : Matrix. Etched with 5% Nital
Cross-sectional optical micrographs of the borided steel which was oxidized at
high temperature after being borided at 950°C for 3h.
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900°C, 16h. Etched with 1% Nital.
Photo. 2. Cross-sectional scanning electron micro-
graph of the borided steel which was

oxidized at high temperature.
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SMCAERM O BRI LB & —F Linwy. L LI 5
L5 EORERIRCH 2155 0 D T2 13755,
Photo. 3 %, 200°C ~600°C % 100°C HfFTkDE
@ Th KGPHE L7z 51k Fe,B o BIHHFETH
L. 400°C £TUX, FMBLE LA EF U LIRS
Ligwv. L L 500°C T FeoB i+ e 45
{fEL, 600°C jz7x % L eimpii i b, EfsE (1000
%) CTHIEST 2 &Ml B 3520 &z,

Photo. 4 13 700°C CHEx ORI AGHMEL L7215
{b# Fe.B OBBHFE TH 5. i L7z < WIKIE 51t
DEEBIEL 10u~20p BETHD, LMFR->T
W5, 5Smin JpBA TS NI L T B A A ER
Do Fiz, < WIRIE S (L0 R M7 MY 2t
ALY IREE Lz, L LERIIRED SR V. Th
SRR O XEREWTHERICRT X 5 @iz X v Fe,B
6 a-Fe p34fHY, 4FeB430,8Fe+2B,05 0 fG7t
FLCTWD. HHWi Fe, O, FexByOz 7l ofbs
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EERE O > DAIRMMD S Sz UL 7R DIE 5 {hdpic &
N4 Uz, BANCERD SRBERNE, < WiRiE 5 (b
I DfMER A%\ . F72 30 min fnEuc e % L Eih
HBIF o 7F R e, 1 hinEci: X 5icEhss

Mairix—-l-——— Fe, B———!Oxide[

(a

(b

——Matix ~}~——Fe;B——efa—Oxide—=]

Xray intensity

Distance

a :700°C, 16h b:800°C, 16h c:900°C, 16h
Fig. 2. Line analysis patterns of the EPMA from cross sectional borided steel which was

oxidized at high temperature.
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a : Before heating. b:200°C. c:300°C. d:400°C. e:500°C. f:600°C. Tilting angle 30°.
Photo. 3. Scanning electron micrographs of the boride Fe,B which was heated in air for lh

at various temperatures.
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e T R e oy 201 oBorided.
. AN TR — R R, AR LT E *Unborided
v — 2 A L O BIRE Uic. BT Inag it sk N6 800°C
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P FRICAEFET 59 & VvbhT 5. 12k ¢ _~Boosc

[0 5 B 275 X 5 12 5 LAV S ARG I A -
LB X 5 B BRI 7 < TR BT o &gl /
5. ZHWEBIS HITIE S (L H IR O PREEEIL & L CfE S | . Z?S:C
FILTWS & & 2RT. 135 (LM L KA - o F T4l —go0%C
BRINOIIZ 3 h IBOBA, BBIE 700°C T 1/6, K 200°C
800°C T 1/4 THh 5. Fi-kRupEiE 800°C, 1h rau 0 A;q___,_.(.,—'— 0
H§ 900°C, 5h JEAOERBHINEINTITE L A ) 3

3 5 (LB KSP# L, Fe,B K Lic kU5 Time (hr’®)
LI D B OfEMEL = 2 ov ¥ — O EZ KD Fig. 3. Relationship between the weight gain of
fo. RO BLEEIROBIS: 1 000A LLED b DISHAY e D e bering o
WANCHEDS S L ENTW5E. KREBROHFEC¢H Fig. 3 .- . made at 950°C for 6h.
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a : Before heating. b :5min. ¢ : 10min. d : 30min. e : lh. Tilting angle 30°.
Photo. 4. Scanning electron micrographs of the boride Fe,B which was heated
in air for various times at 700°C.

AT X O CERICIE EEEIN-RERARXIE, 133K
WEAICHES L F 2 B RS, BUBANIRE TRI h
5.
x=Fk.-t1/2
zoTx cEEEN, ko BUREEE, ¢ B
BThsd. FRBRLGEEZEL LRET & OBKRITIKRD
FL=9ZAORWT XL DOTRINS.

k =Aexp <—~k%~>

zoTd ;s HpEE, Qi EE b AvF—, R4
kg, T REETH .

L7ehsoT, Mz cmT e logk 2 1/T Off
x3-Q /4.575 CEE L\ Fig. 412 logk & 1T 2
BfmERT. chXvQ, $iabb FeB ORLMIK
O B p T OiEEL T 2 v ¥ — L LT, 25.1kcal/mol %
B,

3-4 X {REH o

Fig. 53 950°C, 3hiE 5 {kasifg, 800°C, 8h X

G rhnsl, $223 U8, 1E < BE L7c@m{b 2 - —ov -

900 _800 _700(°C)

-2
~ |~

§h3‘ \\%\\\

Al o
9 10 1

1/ T,x10* (°K?)

Fig. 4. Relationship between the log k£ and
the 1/7.

a, BIOEHME : bOXIRENHEZRT. X —uix
ek THRE LR E Lz, BB L ez — v
DERFFRERIE, WL OrORFRATRED BN, LirL
IS5 FeB 133 _T, Fe 5%k, Fe-B Rig{bipiczs
b U7z, REEHZ Fe, Fe-B &5\ I BROM(LY &%
Zbhb. —7F, FHE» 51 Fe,B (002), a-Fe(110)
P < Bbh, @5k a-Fe,0, Fe;O,, Fe-B Rk
b gD v,

Fig. 6 13 @EIRMRIL U723 5 {LABRER o X % 717§
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Q) o} O a-Fep03 O Fe(BO2)2
O Fe30, @ FesBOs
S FeO @ Fe,B

® a-Fe

b)
o) o ofe
30 40 80 60 70 80 80 100
2 6° Co Ka, Fe fitter
30kV, 7 mA
a : Oxide scale b : Matrix

Fig. 5. X-ray diffraction patterns of the exfoliated oxide scale and matrix which were
heated in air at 800°C, for 8h after being borided at 950°C for $h.

Table 2. X-ray diffraction result of the borided

: % steel surface which was heated in air
 Fe,B Oxide | 5 at various temperatures and times.
¢ U F Oxide |
e.B Xiae :
2 A E Oxide A 400 500 600 700 800 300
4 , 5 DlE
WWWI A A c 113)8)i6| 1)3]slisl113] 86 1]3l8hel1]3l8hel 11386
Fe,B C|clojclo|oic|c|o|oio|ojolo|c|oit|a o o)
. . . . —Fe Al [alalafalalalalalalalalolo o
Matrix Matrix Matrix Matrix areo, alalalata oo lololololelo
FesOs
NS— T ~N— ~— F:O ae & l/:\,
Fe (B0,) cla
(a) (b) (c) (d) Fe,80 1] el
a : Before oxidizing b : Oxidized a little. Unknown ol papeetd fokape
c,d : Oxidized largely. llG? L
Fig. 6. Cross-sectional patterns of the borided

steel which was oxidized at high tem-
perature.

alIRInEL, bITE{LOWIT Fe,B HmHB 5, —3F
AL L LTS, c RBIEBE SizEL, SWnic
BdoX ST RCEB{bicins. Fig. 5, b ORI,
Fig. 6, cORMOMWHT TR L 2 22 RL T W
5. EIRINELU72iE 5 {LAnIRERIc A iR E S b 5 %
TeHf, AT — W EEE OBERGEROER ST XD
Fig. 6 D c, dDFEMERE 27 — W DRE, X < BT
LrEZDLNS.

‘Table 2%, 4 DIRE, I TAKPMEALZIES
{LAAFRMKRE O X MRS R 2R $. 950°C, 3h i
XTS5 {LIAERIRET X Fe,B MM TH 5. 400°C T
1, 3, 8h X 500°C, 1hm#Ehogs, 1251LfE%
HZERMELD S O & [T FeB 0L TH o7z, 400°C
16h $ X 500°C, 3h L) |- Cix Fe,B 1 a-Fe %328
L. RE, MBERAEINT 512 Lcds vy a-Fe
OIREPEML TS, Zhix FeB X 1) a-Fe 2347H

intensity of diffraction line O>{]> A
A : Heated temperature, °C. B: Heated time, h. C: Detected
composition. D : Borided specimen. E: Unborided
specimen.

L7z L &7R3. 600°C, 8h i s LEMEASX Bl
. a-FeO3 2338 LB i Liat o X
WERFEABAIN L T W5, E7- d =2.62A RN
Wi, 700°C BT /e 5 &, FREFEIC 513 LS
BEINLTWa. ZhiaBsniciith e & 2 55,
Fe 3%, Fe-B RPHHVIIBRPEN TR V. F72 3.50
A4 RugsssRD S,

700°C gk E T EMIE Fe.B BEERTHS. Ll
800°C hnEic 7x % & BE(bIZ AT H#E S KM A X
SZELTWwSE. ThinEcix a-Fe 22, £hbl Lok
M, BETIE a-Fe,Op BEFKIZLS. LT X
WRBATHRAEHOPESNIZHBEOGTTHY, B
b A — VR TR ELZ OB L2 T\W5S. B
92, Fig. 5, altRL72Xd1C, BAELA-2Ar— 1%
B THET B & a-Fe,03 DPEKRTIEDEBEES
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Table 3. Comparison between the linear thermal expansion coefficient of the
boride and oxide or the boride and matrix.

Linear thermal expansion Temp. range
Elements coefficient. X 10-¢. °C -1 °C 4/B ¢/D
Fe,B 7.851 200~600 0.53 1.95
Fe 15.312) 0~900 1.03 —
Fe, O3 14.912) 200~900 — —

A/B : Thermal expansion coefficient of the elements/Thermal expansion coefficient of the Fe,O3.
C/D : Thermal expansion coefficient of the Fe/Thermal expansion coefficient of the boride.

BT CIEERD B o7& ORI S e,

900°C, 1, 3h hnEhz7c% & RMEE a-Fe,O5 D
LT 8, 16hjpEic 75 Lo Fe 5k, Fe-B RER{LY)
2oz, 16h B ClIRERm O X HEYT, ANk
Photo. 2 TOMH L TH Fe,B 1IRRDLNIRV. ZOD
X 51z 900°C DERENETIE FeB 133 X THEW
wZHL Uiz 13 5 (LN R 2 iR E C© & Y MIEFE
WTHD, L bR THWERZIDXSITIE S {LWER
L, T_UE 2T 5 &R D R T
EhhWweE 2 5.

4. & =

Table 31313 51{bin & WL, X OUT 5 1Lin & K
OEEERE O 2T, RIS X UE, @Rt
227 E H{LERNET I Fig. 6, b WRLATXS
wwEH, Fe,B, ER{L#A: 3 BIREZKL TW5. ERILMIZ
Fe 3, Fe-B %7x FEBICIIEMIRBEZERLL T 55
800°C:, 900°C A TIIHERMEIE a-Fe,O3 25FKT
5. Fe b Fe,Os DENEIRZE DT 1.03 CHERHY
LiCiEWETH 5. FeoB OEMEIRIEENT 7.85X10-6 T
Fe X Fe,Op o FNICHIE L T/PHhE W F72 CG/D
1, HHVE] Db TrCEVEDESE, EihZ
5{bt & OBEEMENBTED BIFTH 5. Fe,B 04, 1.95
TEDOFBBIRPKE L, BEERROEDHREZE Z
% & Fe-Fe,03 R X D Fe-FerB REOHTSHEEL
RFnEEZD.

AT, L2y —ov, BRXORLOXH
EER I D FeB 285 Uik zift (Fig. 6, a)
LR, FeB iR o T HIREE (Fig. 6,
c) T, Bt oRETIEEERED LI

VE QM BRRE T, FeB AT 5B OHLK
NEBTEOMEE THIBETERVTE, BLTLW
P S LR EHIC C WIARAT WS D X W MRz &
75 i X D BRI RS R o v

13 51b4n FeB DE{bLEENZHUET 5 Z &1, 1351
MEESHO B LB 2T 5 5 2 CEETHS. Photo. 4

X 0 hnEk U7ig 5 ks tiinis < wWikg B LRERSK
X QEN T VBB S oD Wind i\, ZOX
5 7nitk LWWEIREE S (biRE ok T L&t & ok
TR OESEFR 2 13F 21t L, RFD FeB 5
BoEUC 2 SRR, BRELEEZD. T
WIRIE 91t Fe,B HE1X, 700°C TASICEN, HiLE
MRETSH T EERT. LirL—F, 135{bigs 700
°C T 1 hm#h U784, KX Photo. 4, ¢ WW/RLTC
L5 L WER, B 5 WIRFRELI D B v 0T,
OB E LT, R LAcX S, 15 {LRENERT
& wikiE s bt LTk, BCREKICET 5 RHES
Brszl, IO WRRiESbREE { WRAAT
W5 DI LI SRR AE U THAREE, X< HES4AT
Zilnwzk, BEZLNE.

13 5 LR DInEL T, Photo. 1, Fig. 3iz/R L7z
X5 16h B CLEIEMRr —VDES R 28 2
FE, ¥7-EmEind 8 hin#loifa, RLBEMOK 1/7
THHFERED FeB BPRMOBILEEZE L ELE
TWAHEREFHESL»THS. ZOFEE, FeB b5\
% FeB 25373 fiR L, 4ERk L7 s b DR FERLIR &
LT LTVwWbZ LR T. L L—F, &5t
#ilvx 700°C fpELCHFREICEILSET T 505, £ DM
FERRMBRMI B L /DS e vz .

EEMIEIEICOWTCIE, B{ERE 8 h ITieow
TR DT DIAFAFE D EP Tlx, ERFHERILE ORI
PEMIR ORI RATH 0, RRFIRILIC oW TH G
THLUERRL . o

XEREHTRE R 51T, 1T 5 bz 700°C fush &
TIREME Fe,B Bk TH%S. FeB MEFET 5N
Fe,B 75 {REEMIE & UC/ERd % 72 BIFTH 5% 800
°ChnBiz 7x % & EEALKS A E < E(LL 900°C T,
a-Fe,O3 BEWITD. DX 5By Emics
LERLIDEER S DO TR VWX &EOFHEET AR
TE7\v. FeB 2SER{LL Fe & B0y it/ L7z &)
s35 L B,O; 1345 2 ¢ 1000°C FRE % CTlIfREN
ThHb, Eubh BO, ANEAIE 2R T 2§ T
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BHIL 7z L ah 5.

DI ExBHET 5 L, 13 51bTRnZ sk L 72354 Fe,B
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5. EREBILZX D FeB 2504k UTd MEe bt thx
B,Os 2MEAE L, HERIES KT % & Tk, WiEgt
Wi cEsLE2%. LrLEAETIE, #7528
OIS TEMDER Lo S LT L E Wil b F 5
Lish ol LRI NS.

EEBINAIE TIX 800°C BB E, L MRt
WTH5. Ui Lohix Fe,B MEET % &P olls T
BV, XEEHFERI D 800°C DL Tt Fe,B 232
ML A ER, 800°C DLk Crk RIS LT
MR D E D I CERVEE XD,

IR TrE 700°C ~900°C & TI1E 51t4) Fe,B
DEALHF RO BT oML 21 ¥ =13 25.1keal/
mol %157z, Fe ~DEEFE DL OMEMAL 2oV ¥ —
V3 a tH (ERIREHPH : 700°C ~900°C) o4 10.1
kcal/ mol¢ 25.1 X D{RWMEZRT. ZHITERS
ERRI—TIREWAESLNET S Z LT X VELo K
JOREANS L e 0 1E Sk &8 DR EWIE & L CE
BLTWAZ L&ETRT.

5. &

S (EAUEREE, & E S baEc ORE, R,
KA TNEL U SiRER LR B2 5T Lo R, Ko X
5 ke igie.

1) 13 5 bR 2 KA T L7234, Fe,BR
+icAFAET B 700°C R CIIE LT E
5. F7z 800°C P ETix Fe,B RAME{bIh b ik
R, EREINEGCR U CEREMEEE S E D I TSR
WEEZS.

2) L7 < Wik 51 FeB i i et

[

I§H< 700°C, Th XK&HmnBuc X b L <®ibL, Hi
EL@Ro LR

3) BIRINEL L 721F 5 (LLER SN TH 23 Ak T iR 251 b
75 E TR EET B A, 125w RCcmibiic ZEt
L7BEERD bAA, ES5LMPHEETLHEEL B
A — Vv EFHD D WIT S & O FRE SR < HEY
HrEZLND.

4) otz B ses c2icivigsik
) Fe,B RENIB R L RO X 5 e L. X &R
FRINEIC I 513 AR BT 5

Fe,B — Fe,B — Fe,B — Fe-Oxide
a-Fe a-Fe  Fe-B-Oxide
Fe-Oxide
F-B-Oxide
5) K& 700°C ~900°C i TiF 5 b Fe.B @

AR D R oMb 3 v ¥ —, 25.1kcal/mol
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