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Abstract

The boronizing treatment of Inconel 625 nickel-based alloy at different boronizing temperatures
(850°C~980°C) was studied. The results show that the thickness of boronizing layer increases with
the increase of boronizing temperature. When the boriding temperature reaches 980°C, cracks and
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voids appear in the boriding layer. The boriding layer is mainly composed of hard phase borides
such as NizB and Cr:zB. At 950°C, the surface hardness of the alloy reaches a peak of 1279.8 HVo.1,
which is significantly improved compared with the matrix of 263.4 HVo.1; after boronizing treatment,
the surface friction coefficient and cross-sectional wear scar area of the sample are significantly
reduced. The square of the thickness of boronizing layer is linear with time, and the diffusion acti-
vation energy of B atom in Inconel 625 boronizing layer is 227 KJ/mol-1.
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1. 3l

Inconel 625 H AT il m=iom L SEIPE R AT AN 85 il e i e )32 R TS iR . Ve TR 4k
T AR 1]-[3] . (EA R R P AT B 1, A Inconel 625 7EK I A28 32 BE SR I o F 3 e v, A2 34
KPRHI[4]. —LeB A3 R B ES] . SAHDURR[6]FIRABHR [ 71555 A, (E vR BRI E F 7%, B
REMG SRR M TERE, HZIRTIREME, FARLE G 1A R S AR S 7] 8] [9]. Leroy L [10]55 % # I\ Atk 4t
Bk, BEBRHT Inconel 625 &4 R IR, Bk, BAEREEAIRES FIEMBEM, . ZET
DIKERN A SN, BERANZBEREERE/NT S um, HERA PR EA E311] [12].

BIE AR SR R T RE Y —Fh 532, O 2 RO TALEAN[13]. AR 1410 24N 15] - K11,
Inconel 625 #3EA 4RI E F# . M. REEMHASICER, EBMIERE J S50 7B S S RO E 1
&9, MmBRE] 78R 7 3K [16] [17]. [FIES, Inconel 625 & 4 B A LA W& 451, S80S
T BRI, B SR A 2 o) B e 3 BB P g, s LLERGE 1538 [18]-[20]. Rk, H A& 2t B4t
HEJ5 Inconel 625 453k 4 I ROW 2H 2R 5O R it T B A 41

ARSI R R ARSI T 2% Inconel 625 R TBMERH4, B&it TBWLE, fE&ERMEMK
TR LR . FEIT T B IIE R XHE AL B £ Inconel 625 4 4x 20 2R 454 Je & TRME RE P2 AR ISR, 38
IR T AL (SEM) J62= BB (OM) X S RATHX(XRD) WA MR BEE SO ZE
AR SR S R B PR X SEAR A S g AT 1A 23 i o S ARAL ISR G G iR T iR A T 23R v S B
5 SRR .

2. EWMMERTTE

ASEES R Inconel 625 #R3EA S AE SR AAEL, HAL SR 0k 1 fR. SR HKTES)E)
# Inconel 625 23 A S FEA N TR A FE (P16 mm x 5 mm). ASZLG AT A A5 077) =5 B4C. KBFa.
C. Ce0,. SiC.

B4, FIFARAAFER SIC &R AUH FEAIRFE Inconel 625 HEATHUMIRT BE Ky, BT84 & il
RS TG Ve A 2 WIE VA . R, AR SBIR — R E BRI, ORFHE RS TR 8 /.
FERCT G, BT ANNI IR, EER PR E L, 5 KRR R i 25 B a2, DL
ARSI 1 25 B S RaE M. 8] KSL-1400X 2446 2K B SH AP BT B M 9206, SO0 J6L 3 40 il e B
4 850°C. 900°C. 950°CLAK 980°C, fRIARIIAIN 6 ho IRFEREIN A EI 2 5 .

Tk
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Table 1. Chemical composition of Inconel 625 nickel alloy (mass fraction, %)

= 1. 25 4% Inconel 625 BILERL S 1%

Element Ni Cr c Fe Mo Al Ti
content Bal 20~23 0.1 5 8~10 0.4 0.4
Element Nb B S Mn Si P

content 3.15~4.15 <0.006 0.015 0.5 0.5 0.015

VB R A R KA LR DTN TR 6 mm x 6 mm x 5 mm (G AREE, TE PRI T AT R A%,
ZieabE G, R KT EME L 2 mine SR CX40M &40 BBt MO 4L 2345 7 KB T 2 2
HEATWLEE . SR A Tescan Mirad, 3@ it 4941 H 58 (SEM) WSS T oW 4 29 K R TR 5 55« >R A HVS-1000A
SRR PR B ASONT R it R T AR FEE AT A, ARSI BN 77 2.49 N, FFLERT IR 15 7, BN S BEALIE
P 6 MR S HEHTINR, B, SR X Pert Powder B X B THH (XRD) MBI E (AL . X
SEIEN Cu BB/ Ka S4:, AT 20 G ELE 572 90°, HAffdEZ = 5°/min. KA UMT-3
PEEMALCN TS0 (BB B PR R, BEARRIEICE AR 6 mm [ SisNa Bk, IN# 5 N HI1EE #ifir,
TR RYERFE L mm/s, WEBEHATREN 5 mm, B[]y 30 min.

3. EWBEREHH
3.1. EBhREXEEEE R

FEANFIRE Inconel 625 AbFE NBTH = JE R KA O AL & 1 s, HIREEWE 2. M\ 850°C F
950°C, BJZME BN, M 5.15 pm HINE] 27.90 pm. i 950°C T E 980°CHY, HIRB)E
S FEWA BT, A 27.90 pm EFAF] 30.10 pm, HEKERIHE VL. XZH TS 850 CIAHLEL, 9507C
10 B e i P S AL TR e, A HAROE R, SRR R E R . FRR AT A 980°C
J&, SIC BB AL )R 72 5 BB R AN RN, TEMERZERENYE . X—EUPERA T
BT e — 2Py 8, SIS 2 B R G SR Kl B A PR [21]

Figure 1. Thickness of boron penetration layer at different temperatures: (a) 850°C; (b) 900°C; (c) 950°C; (d) 980°C
Bl FRIRETHRIERERE: (2)850°C; (b)900°C; (c)950°C; (d) 980°C
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Figure 2. The depth of boriding layer under different temperature treatment
B2 TEERELETHEMERE

I b SRS B BT E ORAR R v 5, BT BB EHANE 2 S MR EM. INEE R
EH, EHIRANBE, “HEEETHEE. NEESRERELEX LRSS, HEaAmEh
PR . BASAAER ARG TSI 2, MEREA S, BEEEEZSm. WMz m
SERRFEARERL, BA —AS0H HESMECE R Z. (EXEZ T, &2 — N HA/NERI A s 2,
E4NR B S 2 MM B LR T B S . £ 850°C R, EAMIBIE B, Hiz
Z AR 8BZ, BEEEE SR . K 1) REN IS & BB IR R &
950°CHY, BIlZERE R EME, WHHANT N, HiZBE SRR RFFER RN ARE. HE
L(d)FTLAE H, FEBINR B 22 980°CHY, B2 HLA B EAfLIA KLU, SURTEEM 2 FF K. X2&H
THEEBINR B AW, RZW MRS A BT e S ECTALE R, X Le S AL 1E =il T T Be 5 &
FNL. FR, SRR, SETIN R R SR I R ALK NL T, T SR AA R FLIRBREEG . B
PATE 980°C T, EWER 25 I AIFLIA, 2 i T il 0 R - D™ BORN s B 1 285
3.2. BhRE SR RREE RN

K| 3 X Inconel 625 & 4347 AN R B INACEE 5 , WIS BG4 IR THAE BRI IRAS Y 263.4 HV &
FZIEE 950° CAHE ) 1279.8 HV, HK ik 385.9%. XK M, & YHSIIRE AEhs B E 1T & &ME
TS o MBI T = 22 980°C Y, AR I fE S ifil B R o IX P RE & I TR iR T, &4Km
AR T B RO, T X S REAL A 0 BE AR TS AR AL, I L LR RGN FLIR S RS R A S
BAEBATIME, PRI MIR JIBEAK, W1 5 BOEARRE B2 (1 BRI

3.3. BilimExHEH R ERE R s AR

3 SO ZE SR DL B S A FEE (RIS 434 T 60, 950 °C AL B B L 2 i e IR FE - DAL FE T 1l 45 11
BRI G, 0 H AT BRI 047 PRTTILE AR RE - WAl 4 PoRfE SR T, XFRE4AH 950°C
(IS i BEAT (AR R BRI, RIS B R B 4. ATUAE HH, Inconel 625 JE44% (1 BE 52 5%
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Figure 3. The microhardness values of the substrate and the surface treated at different temperatures
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Figure 4. Friction curves of Inconel 625 substrate and 950°C boronized sample after 6 h
4. Inconel 625 Ek5 950°C &4 6 /A G EO EEIR Lk
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5 AMEZEIRAA T, X Inconel 625 {4 [z 950 °C A Ml Ak A RE S b AT 1 41 52 QB S 1 SE 00 1) —
Y4 BE PR PE AT S0 DA S S AR (Y X3, B B 2 (R o s OBy, O B Al €0 7 B TR
PEBR . FEEESEERTIIR )5, Inconel 625 HRIL AU B 1 DB (o 1, Wl S5(a) . AT LA
DX IRA LRI VE AR, SEAESAER IR, SRR 3 2RI BRI 507 ARG PN B . 1 5(b)
DB ARE ) BESR BE A5 30, 6 EE A W A S BB B 60 22 AN K, DRI i RO R TR ARG 1 5, P e
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Figure 5. The 3D morphology of the sample after friction and wear: (a) matrix; (b) 950°C boronizing
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Figure 6. X-ray diffraction patterns of boronizing Inconel 625
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M6 AT, B SS, Inconel 625 KIEER | Z M EW). 456 SEM BBl 75
B AR (NI E SN AE R NigBs, BfiJG, TR T4kSEm &4 Ny 8L g/ MR NiB 378502

RSk E] 850°CHY, TEARLT CraBs Fl NisBs XFFIER - LAY, FHob NiaBs HIAT 5 U6 55 fE 5
o IRV E T AL, CraBa A1 NiaBs A5 H HHAE S AK, ATLAR e m. MR TS 2 950 CHY, %
- BGE40 CrB Fl NisB FFEa T i, HATH WGB3 n . BEERE 4 980°C, ki T4 - liAIES - il
AW, EMERR T NiSi X —4# - A WNATSE, RAUETCRBSE T RN FEERENF &,
W 009 B AN R RPE R 58, FEUR R A YIRS R A8 1k

WA ERFITIALAS I T BOR B T 20 = A 1) B R AW E A R AR 2R, IS5 5 i Ni A Cr R4
RSO, AL AR (NI-B) R AL 5% (Cr-B)Ytb & 4. 1S PERH[B] A T W I T4 0 & S AR T, JF 54k
Befb 5 B L TR RN ER A . KOG ON T R AN 2 [22]:

Table 2. Calculation of the main boride reaction equation and Gibbs free energy of the infiltrated layer

#2 BEEIEMUNRNAERSEHHBERENITE

T R FWR A A g
Ni + B =NiB AGnis = —100650.8986 + 2.5854T
4Ni + 3B = NisBs AGnisgs = —148290.7717 + 41.6979T
3Ni + B = NisB AGniss = —66064.7914 + 9.0159T
2Ni + B = Niz2B AGni2B = —66658.9556 + 17.036T
Cr+B=CrB AGcs =—94927.1314 + 9.3141T
3Cr+ 4B =CrsB4 AGcrsga = —312096.2185 + 26.3136T
2Cr+B=CrB AGcrp = —113045.829 + 11.935T
2Ni + Si = NizSi AGnizsi = —127607.8911 — 6.413T
Cr + 2Si = CrSi2 AGcrsiz = —79539.3289 + 1.7465T

AHFURH Factsage 7B THE T BN A VDRI I AL -S4 S B (1) 35 A1 51 5 HBE(AG), AG fH
FRAG, SRR ) FRHEAT o HARYE X Le s 2] 1 RN ER B R R AEAS RIS R 0 AT 1 e e AR A
o B 7 R TG T AN RIREE T AR (5 AT E e AT LA, AP ORI R A
HHAE B N E, B, CrsBs B4 H HAe AER K, RS MNREXEN, CrsBs 14
PSR 0] d i 2 B B R IB AR K BR T CraBa, 1EI2JE i) W AR K I R H T il 23 T i i CroB 1 NisBs
S .

4.2. HEDH

Inconel 625 -5 & & IS I BUAZ O AE T WS FAE A B 9 BT . I8, & &0 liHE
RERE ) = AP B Je RIS TENE 1 TR SR, SCaimbtts e, WP v il i 5 2 Ak
WERBIE. ¥ 86 e, ¥ EEERMIIE TS8R T 8RR T RENZERN, HERMLEDE. fRiXk
BB, TSI R TR A S Y BUR Y B S 2 (1 5048 2 2 B S5 BN KAATE IR R,
BRI TR, A2 BB 2 B B kR K [23] . IX R R AT HNEH T A F 2 2 5 R 4 5%
HIE,

d? =Dt (1)
K, d NBEEE M), D NAEKBERZRE(MS), tALRERFE(S).
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Figure 7. Gibbs free energy (a) of nickel-boron compounds formed by borides at different temperatures; (b) Chromium-boron
compounds

7. TEIEETHHHERNSHETEREE: () BIHLEY; () BHMLED
gE AR e SRR, BWE B JE Bl A AL PR R RN [A] 2R L, T R ERE(K), Q %
RAEOEBEQ-mol™), RAMEEI-mol k), Do &Ry REH F(mYs ™).
D = D,texp(—-Q/RT) 2
2InD=InD, +Int—(Q/RT) (3)
FIHRE 2 BBl 2R EEEE, 28] 7302 RV )5 5 5 o< 2 E (1 8). 14 8 &I Inconel
625 S4&MBMZBEER T, SBMEK SO LB, XA Q)T R AR X2k
PR A B A AR B In CAAL R, maeil e B e 4T 850°C . 900°C. 950°C. 980°CHYI, &Hl)ZAH
MR KRR, NE 3 REWEL, BMNRERRFSEA R, BMENAEKER B EF.
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Figure 8. The relationship between the square of the thickness of the boriding layer and the boriding time
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Table 3. Growth rate coefficients at different boronizing temperatures
5 3. FREIBMEE THEKER R

Temperature (K) 1123 1173 1223 1253
Growth rate coefficient (m?/s) 0.4 x107° 1.2x10°° 3.9x10°° 41x107°

H EAFHL, InD 5 T R4&VERAR, KR 2 B S EE RS O B i x A ik
PERLE, s 9 Fs, WK Inconel 625 (28 JE 1 B R 14 BOBOE A Q = 227 kd/mol 2.

-21.5

-22.0

-22.5

2Ind

-23.0

-23.5

240 F

0.00078 0.00080 0.00082 0.00084 0.00086 0.00088 0.00090
/T

Figure 9. Relationship between 2Ind and 1/T
& 9. 2Ind F1 UT B9 F

R A R, HEITENRNSW L Z4 T B RT3 BUS0S e AR B . il o) X S5 1
ML RENE KB, SR I 2 R UL T 2258 T2y Bosis RER R A R . JF HL, XAy
X B R T OGS RER RO B2 . MRS T, AT 4B AR E AN, B JL54E Inconel 625
BE P BSOS R EOR, R IEIZ T iy R RE R . AR, RO G eI R
Niv Cr. Mn 5 B LR Z AAFIERSR LR 5] Ni-By Cr-B ZIAAH RIS EA M . 24 B T4
AN Inconel 625 &4, B Ji 775 SR G EIa AN, R NizB. Cr.B ).

Table 4. Diffusion activation energy of B atoms under different boronizing conditions

4. FRIZMMIZHEMT B RFHI BUSIERE

Materal  Method 0B D Energyikaimol s Compostton Reference
Inconel 625 LN 850~1000 227 Ni3B —

AISI 410 Bl 800~1000 186.49 FeB Santhanakumar M [24]
AISI 316 AR 800~950 199.5 Fe2B Ozdemir O, Omar [25]
N6 N 850~950 205.3 NiB Contreras A [26]
AISI 1018 R 850~1000 159.3 Fe2B Ortiz-Dominguez [27]

AISI 8620 WA 850~950 111 Fe2B Tabur M [28]
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FETE X LA VAR B RE R, B L 5 2 v AR v 1Y) RE R B 22 oRAT B JUA B 18 & IR TR O (R B
X FECT B JRTAE Inconel 625 A= AUY BT REECR . IRERN L Eh Fe M E C AR, HE®
LR EAMNED . B TR Y B 2R Fe SATHEET. BT 8R=1& Inconel 625 Ik,
SRR GIER, B AR AN I HUN 2RI RO AL A 5 A R AR BN, AT E RN S B
R TR B AR, PR BORGE RERL/DN

5. &hig

1) BWESERARS&E% . RNWMAEY S, HEERMIRE EFmghn. 850°CH Bz, 55
RZEEUF; 950°CHY JE BB A MESE T 980°CHY, S FEEM 544 EE, HIFLE. R4, mET
B o

2) MEBIREN TR, BEREEANE M. EMAEfEd, BEE N KRERE, HEEmM
B B R B E . 1A, BICZE EFERST T ST R AR R R, B R YOS RE
N 227 kd/mol.,

3) Inconel 625 1] LB ARSI T 28 Rt gt A7 A0 B . 2285 W NiB 1 NisBs Zll by, XK
KL T Inconel 625 [FHE B AR BEME . IR IA R 980°C i, REERMEIF B REELE, W TBERE
FERIE IR .

4) %} Inconel 625 453 & & HEAT ARG BE SN LELT 70 A B, W IEARGRETT =, BERIEE ST, %57 BE i A
SR B e F B NI R A BB R, BN DR B A, A DB
JES L B A 15 D B
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