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Study on the Microstructure and Tribological Properties of a
Low-temperature Boronizing Layer on GH4169 Alloy
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Abstract: GH4169 is a classical superalloy material with good high-temperature strength, fatigue strength and corrosion
resistance but also suffers from low surface hardness and poor wear resistance. Boronising treatment is one of the most
effective approaches for improving the surface properties of GH4169 alloys. However, due to the high boriding temperature
(i.e., above 900 C), the precipitated phase structure obtained during the aging treatment is destroyed, which affects the
mechanical performance. In the present study, a GH4169 alloy was successfully boronised under ageing conditions, and a
dense boride layer with a thickness of ~8.2 m was obtained. The boride layer is composed of mixed CriBs;, Cr,B, Ni,B
and Fe Ni,;, B¢ phases and has an ultrahigh hardness of 2 622.9 HV,,. Additionally, ultralow wear rates (8.5x10° mm?*N -m)
are obtained when friction occurs against Si;N, balls. The findings of the present study will be beneficial for the practical
use of boronising treatment in nickel-based superalloys.
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Tab.1 Experimental parameters of the low—temperature
boronising process for the GH4169 alloy

Temperature Time Boriding agents
No. 3 Atmosphere .
/C /h (mass fraction)
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Fig.1 XRD patterns of the boronised layers on the GH4169
alloys
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Tab.2 The chemical compositions of the selected
areas in Fig.2
(atomic fraction/%)

Position B Ni Cr Fe
Area | 40.9 31.1 15.5 12.5
Area 2 252 38.1 18.2 18.5
Area 3 65.1 17.7 9.3 7.9
Area 4 434 33.6 11.6 11.4
Area 5 55.3 15.6 10.0 19.1
Area 6 30.5 35.5 18.9 15.1
Area 7 59.4 19.5 10.2 10.9
Area 8 38.8 32.0 15.4 13.8

223 0 B IN ZeO, $ i TR E T e B L 4
HBMZIRELS, 0T LN ZeO, MAE/ER T 8
B 7500 e 3 P A D 0 A R AR T T B AOR

1 F AR B 0 i FE b KBF, 76 530 CBF & 464
fiff 200 JL o fifk = 1) B, S22 2F 38 0 5 o 1) T EE Y o
BF; 0] LU &8 RGO 2 5 oAb k22 o, Bk
SRR,

KBF, = BF,+KF )
2BF,+B,C = 3BF#3[B+C 3)

VA A 5 B 57 [B] 2 i %5 BF, Fl1 BF, <
PRI 2l , W B R 2R T, 08 T 5 b 4 TR R A R
N AE IR, ORI

y[B][+sMe—Me B, (5)
%BF#%Me—@—BFﬁ#MeXBy (6)

N TR ZeO, GRS ALER, X 5 % 4 (195 5]
MARIEAT XRD MR, JF & BTE K S A8 A v A
T 21,05 7Fq 7, %*ﬁ(@ 3) ° I A 7r0, 5 IAES
BF; SR & A v i) K2Ry, A2 B Z,0g0F oy 3% — H ] 7=
Yy, IR — o it T PR D R v R R
T PRI VR R AR RN ANE .

BF;+Z1r0,—Zr,04 70Fs 71+ BE,HB] (7)

BeJe, i 4E R EE T GH4169 4 4 3Lk 124
YIS i (AT TR RE I, v St 4 24
280 HVy,o & 4 5T 4 2095 BIRE & i B B2 1 48 3
ghEL [ LU H B WAL B R A0 2 R A
PETE A2 MT R B, 7 B 4 BT A 95 002 R
(2 622.9 HV, ), 53R HH L 32 55 73 10 i,

1 2 GH4169 4 4 I B WIAE 5 AT SEM (8]« (2) 1#; (b) 2#; (¢) 3#; (d) 4#
Fig.2 Cross-sectional SEM images of the boronised layers on the GH4169 alloy: (a) 1#; (b) 2#; (c) 3#; (d) 4#
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Fig.3 XRD patterns of the boronizing powders (4#) before and
after the reactions
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Tab.3 Chemical compositions of the selected areas in Fig. 7
(atomic fraction/%)

Position B O Ni Cr Fe Nb
Area 1 12.5 10.2 38.6 19.7 17.3 1.7
Area 2 28.9 36.0 17.8 8.7 8.0 0.6
Area 3 1.5 44.7 27.8 12.5 12.7 0.8
Area 4 - 41.1 31.3 14.2 12.3 1.1
Area 5 27.2 274 234 12.1 9.0 0.9
Area 6 7.1 47.1 23.8 10.7 9.9 1.4

5 J5 28 4B AR S TEAS R 8007 25 1 B0 B 458 AR ORI S 4  « (a) BE 5 R4 (b) BE LR

Fig.5 Friction coefficient and wear rate of the 4# boriding samples under different load conditions: (a) friction coefficient; (b) wear rate
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Fig.6 Three-dimensional wear morphologies and cross-sectional profiles of the 4# boriding samples under different loads: (a) 10 N;
(b) 30 N; (¢) SON
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Fig.7 Morphology of the grinding marks of the 4# boriding samples under different loads: (al, a2) 10 N; (b1, b2) 30 N; (c1, c2) 50 N
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Tabl.4 The chemical compositions of the selected
areas in Fig.8
(atomic fraction/%)

Position B (6] N Si Ni Cr Fe
Areal 474 10.5 26.6 14.0 1.1 - 0.4
Area2 262 9.6 39.5 244 0.2 0.1
Area3 299 7.3 27.5 344 0.6 - 0.3
Aread 385 7.8 17.0 342 1.0 0.3 1.2
Area5 353 25.6 - 4.4 20.2 7.4 7.1
Area 6  46.2 30.9 - 4.7 10.8 33 4.1
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Fig.8 SEM morphology and EDS mapping of the friction balls under different loads: (a) 10 N; (b) 30 N; (c) 50 N



(EEE R A )04/2024 E %,%:GH49 6 RBEWMEEMEMELRHAR

«355-

BREE AL T AT AR R, HRERE A R
B PEAR R Z 0] B, 455 SRR A B T
Rt DRI 2 TR TR B 45 AR M AR R A R

3 it

(1)GH4169 £ 4 5 AEAR IR 5 0157 BC L B.CH+
6%KFB+10%Zr0,, ZrO, [ 5] AT fi£ i BF, S 44 Al
TR e A R B TIAOR

(2) 5 = B B A AL ARG BE B, GHA169 A & Ikl
BINRAELE 10,30 F1 50 N & 1 #5522 BE B A% Y
B % B 8.5%10° ~3.2x10° mm?*/(N-m),,

(3)TE 50 N #ifif 250, 12 WA 1 B I 1 B
Bk 2 R IR RBUR R A, 1T AR B R
A SRR B T R R I B R A, PRI R
BOREE 1%

S5 30k -

[17 EB, HEE, B, %, &4 4 Inconel 718, Inconel 706 F1 In-
conel 706M Hi i T 4 21 2134 &) P [J]. # i B0 R ,2020, 41(1): 9-
14.

WANG L, XIAO Z X, ZHAO L, et al. Homogeneity of electroslag
remelting microstructure of superalloy inconel 718, Inconel 706
and inconel 706M[J]. Foundry Technology, 2020, 41(1): 9-14.

[2] HfH L 0 AF RS RS SR T AT
[J]. B 3 45 5 il B R, 2021, 56(6): 127-130.

JIANG Q, JIANG L H, HUANG Y F, et al. Research progress on
heat treatment process of nickel-based super-alloys[J]. China Met-
al Forming Equipment & Manufacturing, 2021, 56(6): 127-130

[3] EAF L bRl 00, 5 GHA169 B4 G AR o IR A 4 e F
JE[I]. B H A 2023, 44(12): 1109-1115.

WANG M Z, LIN J, HU X, et al. Study on the tensile properties of
GH4169 alloy sheet at high temperature[J]. Foundry Technology,
2023, 44(12): 1109-1115.

[4] XU S Q, HUANG S, MENG X K, et al. Thermal evolution of resid-
ual stress in IN718 alloy subjected to laser peening [J]. Optics and
Lasers in Engineering, 2017, 94: 70-75.

[5] SHENG J, HUANG S, ZHOU J Z, et al. Effects of warm laser
peening on the elevated temperature tensile properties and fracture
behavior of IN718 nickel-based superalloy [J]. Engineering Frac-
ture Mechanics, 2017, 169: 99-108.

[6] DENG D W, WANG C G, LIU Q Q, et al. Effect of standard heat
treatment on microstructure and properties of borided Inconel 718
[J]. Transactions of Nonferrous Metals Society of China, 2015, 25
(2): 437-443.

[71 RAI AK,PAUL C P, MISHRA G K, et al. Study of microstructure
and wear properties of laser borided Inconel 718[J]. Journal of Ma-
terials Processing Technology, 2021, 298: 117298.

[8] KHALILI A. Effective boronizing process for Age hardened in-
conel 718 [D]. Ontario Western University, 2017.

[91 OZBEK I, AKBULUT H, ZEYTIN S, et al. The characterization of
borided 99.5% purity nickel[J]. Surface and Coatings Technology,
2000, 126(2-3): 166-170.

[10] DONG M, CHAO Y, SHEN B L, et al. Oxidation resistance of
borided pure cobalt[J]. Journal of Alloys and Compounds, 2009,
479: 629-633.

[11] LOU D C, AKSELSEN O M, SOLBERG J K, et al. Silicon-boro-
nising of nimonic 90 superalloy[J]. Surface and Coatings Technol-
ogy, 2006, 200(11): 3582-3589.

[12] WEIL K S, KIM J Y, XIA G, et al. Boronization of nickel and
nickel clad materials for potential use in polymer electrolyte
membrane fuel cells[J]. Surface and Coatings Technology, 2006,
201(7): 4436-4441.

[13] TORUN O, GELIKYUREK I. Boriding of diffusion bonded joints
of pure nickel to commercially pure titanium[J]. Materials & De-
sign, 2009, 30(5): 1830-1834.

[14] CAMPOS-SILVA I, CONTLA-PACHECO A D, FIGUEROA-
LOPEZ U, et al. Sliding wear resistance of nickel boride layers on
an Inconel 718 superalloy [J]. Surface and Coatings Technology,
2019, 378: 124862.

[15] GUNEN A. Properties and high temperature dry sliding wear be-
havior of boronized Inconel 718 [J]. Metallurgical and Materials
Transactions A, 2020, 51: 927-939.

[16] LINDENER T, GUNEN A, TOBERLING G, et al. Boriding of
laser-clad Inconel 718 coatings for enhanced wear resistance [J].
Applied Sciences, 2021, 11(24): 11935.

[17] KAYALI Y, Kanca E, GUNEN A. Effect of boronizing on mi-
crostructure, high-temperature wear and corrosion behavior of
additive manufactured Inconel 718[J]. Materials Characterization,
2022, 191: 112155.

[18] MORONR C,CONTLA-PACHECO A D, CASTREJON-SANCHEZ
V H, et al. Estimation of the wear and corrosion synergism of
borided Inconel 718 alloy immersed in a neutral aqueous solution
[J]. Ceramics International, 2023, 49(2): 2495-2505.

[19] CATALDO J, GALLIGANI F, HARRADEN D. Boride surface
treatments [J]. Advanced Materials & Processes, 2000, 157(4): 35-
3s.

[20] XX e, 2l 8 1A F 37 il Bl AL 35 W T 20 Kk R Y WF 5 [D).
IO AR FE T R4 2020,

LIU H L. Investigation and property analysis of electric field
assistedboriding process on pure nickel substrates[D]. Guangzhou:
South China University of Technology, 2022.

[21] CAMPOS-SILVA I, HERNANDEZ-RAMIREZ E J, CONTERAS-
HERNANDEZ A, et al. Pulsed-DC powder-pack boriding: Growth
kinetics of boride layers on an AISI 316 L stainless steel and In-
conel 718 superalloy[J]. Surface and Coatings Technology, 2021,
421: 127404.

[22] AKOPOV G. Rediscovering the crystal chemistry of superhard do-
decaborides and other higher borides[D]. Los Angeles: University
of California, 2018.

[23] OLIVER W C, PHARR G M. Measurement of hardness and elastic
modulus by instrumented indentation: Advances in understanding
and refinements to methodology[J]. Journal of Materials Research,
2004, 19(1): 3-20.

[24] B &, RRA PRIIRE, 5. B M 60NITI £ 42 % 1 21 21 5 VL g
52 [J]. #4538 R 2023, 44(10): 923-928.

GUAN L, TAN C C, CHEN S Q, et al. Effects of boriding treat-
ment on the surface structure and properties of 60NiTi Alloy[J].
Foundry Technology, 2023, 44(10): 923-928.



