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Effects of Al Addition on Age Hardening Behavior of High Corrosion- and Wear-Resistant Ni-Cr-Mo-B
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Fluorine resin has been widely used for various parts of electronic device, semiconductor manufacturing
equipment and automotive because it has various favorable properties for above applications. The technology
progress of these fields can contribute to low carbon society through the improvement of social infrastructure.
High corrosion resistance to hydrofluoric acid and high wear resistance are required for the screws and
cylinders of injection molding machine and extrusion molding machine for fluorine resin parts.

Ni-Cr-Mo-B powder metallurgy (PM) material shows high performance for these machine parts. However
the PM material is impossible to soften by solution treatment or to harden by aging treatment. Also, the PM
material must be machined with high hardness for screws and cylinders.

In this paper, for the purpose of giving age hardenability to Ni-Cr-Mo-B alloy, the HIPed materials of Ni-22%Cr-
23%Mo-1%B alloy with Al addition were evaluated. As a result, 2%Al addition alloy showed the largest
age hardening effect in this work. It was cleared that the hardening effect was caused by precipitations of

intermetallic compound with submicron size and y’ phase by aging treatment at 1023K.

nickel-chromium-molybdenum-boron alloy; complex boride; corrosion resistance; wear resistance; aluminum

addition; age hardening.

ROHHND. KAFEIL, BEROISEETHERISTLT
HLENTCMEMZEBT D Ni-Cr-Mo REE(C, EEEMIL

BB, MEAMASEL, BE MLl LMERMZRETDSILZBMNICBZAML

f?\éﬁl MEMEAMRNGE, BnifiMaEL TSI ED
5, BFHR, FERRERBSIUBBELEDERE
LTEWABTHAIND . ThoDBICHITDEMD
ES L, SCBE, loT, BBEGLKEMTA T 50ME
FHEBL, HOoWDIERDT—H1b, JERICKDMEIC
FOTHEABBHEICPNT LAY ZESERENMASICEE
ID. SBREIODELDLEHEMEOERADEFISILANR
RAEN, ZFOLEESLEN" TRE[RICHY, HBE/ME
EERDEETRICBNTHEMRIIIEELFRELD.
HIERIBEE R ORIE I (3G R R IR R R A V&R
I, EORUY 1, DUUHICIE, BRIEHEESSU
MEFRUNBERIND. ZORTHHERBISHIRICEK
UEBRMDBENBBESCARERETDEH, INER
EdaizbD2 o)1, 2)2FICIF, HICBNCMEM

7= Ni-Cr-Mo-B R H X7 h YA IMFAESMERETR
ELTNE Y., ZOMBBEROERIC& Y BRSO X
DTFTURGAONERBIETDHIET, HERMEEED
BEMERDE EHHIFTES.

EESIIThFETIC, Cr, Mo, BEZZ{tZ 7= Ni-
Cr-Mo-BRHATZ bV A ZXMAB IO ZDHIP (Hot
Isostatic Pressing) s DR HEEZFML, BESD
KO Mo/CritbDIEMICEWBEIALERT D E, Y i
1w o ZH K % Ni-23mass%Cr-16mass%Mo (AT,
mass% & % i Y) DAfEEIT DI ETENLWEME
ERIIERBEERELTCELTY. 22T, FEEXRD
HIP peFiRIC IS, BEEEMAMMAsEL THY, Ih
DEICEESSIUOMERMZREL TI\D. ZOEMEY
IEHIPEICEDEMERFERICERRFIND 2 ETHTE

*OMREER MARRAME B2J)L—-TR B (I)
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HIP;ETREIERTZ U 72Ni-Cr-Mo-BRI R ER S & DR ELE S - RIZTARMORE

L, Z0O%IISETOBRMELEBTEBELEN. ZhlE
YhUvoZTHBY NiFICIHL, EBCYPFERTET
HBBOEEENELLNSN'? ZEICRETDEEZR
SND. DD, ARFRASHIT HIP EF&ISEEL
RIBCRENNIBIC L U BSEZZ(LSED T ENRETH
W, 22131207 ELTRINDELVERBEDIRAE
THBEMIZITO>UENHSD. LizHh>T, Ni-Cr-Mo-B
RERIIBAZSEEMDERICHEL DD, #MMITY
EDWIETEEICTIVENHDEEZOND.
ZDESBEEENSEHETIE, Ni-Cr-Mo-B REZICH
MELEAENSTDIEAEBNEL, ZOERICAER
MUTEHZRT S A ZHRD HIP BFARICDINT, B
BILMICRIZT ARMOEEATMLL. BH, FNT
FZELTAICBBLEEBRIIMTOESY THS.
AllZ, BAMEAMENAZNEBESICHIVTNI
Cr, Mo &WEMEMAETELICK ', 512, Ni&
D 2 TTHRER P [CBNTREICLDEBEOZE(LAAZE
WTETHD. L 2T, EHEICHTS Ni-Cr-Mo-B
ZEICA EFMUISE, S y Ni8ICHE,
EAInYd<, 52, BUEEETORMLLESIF
FHALIBIC KW y NifEHL D, SAETETHS Cr, Mo, Al
EEUHMBBRNE R FERHSE2TREMN HDEE
zI=.

2. REGE

2.1 HEAMERAE

HRZT b7 A THEICK IR L= Ni-22%Cr-23%Mo-
1%B-x%Al (x=0,2,3,4) EE&MAKR%Z500 umUTF
CHR L, REMEDEHICHKIE, K, HALLEZLOZ
1423 KTHIP s L1z, Ri5BEIE5 h THY, 2D,
HIP £BHR TS L. NSREEAN S HLURE
2, B E0IE, IRNTHRMLIEZTD 2 & TRELIE
ZEHE)AFHMML.

AR (x=0) D#ERkIZ, 1473 KTERIBL =/ R
TRYA TR R, 1423 KD HIP BT 7 I2H0T,
SRRV MY I ZEREBET DI EEBEICRELTE
IR THD. -, BEIZ1 % ELVBTHDIEND,
1473 K TEMIBLI=HR T bY A ZHFHRT 340 HVY,
1423 KD HIP fifi24& T 40 HRC” (Ew h—2BET
¥ 390 HV) &, MERSEADEEE L TIIRWNEE
ERTHERTEHD. COEREN—ZIELTAFMY
52 ET, BWMNIREZREE LIAK KRR TRIVEEZ
w~L, 20D, MERIBRE L TCOERFZETE LEW
RRETHEWVEEZRI ZEZEOTID.

ERILI=RT NV A XMARDFERESG TSI VHEM
DHAE (ICPR) ICXKD0HEZ Table 1 I2RT. %
1= BB L UBMLIER 4% Table 2 LU 3ITRT
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B ERIEIT 3 KEDRETHTLY, HERELT 2%AIH
T 36 HRC ETHEL /- 1423 KZHEAL, JRINT 3 K
HEOIMUIEEREL . BWEREICK LSO LR
BICERNMHDEEZONLIYD, BREIERKBREZ
KLz, &, B, BWLIEEEEDREIRZEO
&, ZmzeiIolk.

Table 1 Chemical compositions of the powders used for the
HIPed materials in mass%.

N1 Cr Mo B Al
0%Al Bal. 21.83 22.95 1.04 -
2%Al  Bal. 22.06 23.40 0.99 1.96
3%Al Bal. 21.80 23.47 1.01 2.97
4%Al  Bal. 22.07 23.39 0.97 3.89

Table 2 Solution treatment conditions.
o Cooling
Temperature  Holding time o
Condition
1373 K
1423 K 4h A.C.
1473 K
Table 3 Aging treatment conditions after the solution treatment
at 1423 K.
o Cooling
Temperature  Holding time o
Condition
1023 K 16 h
1073 K 8h A.C.
1123 K 4h
2.2 HMHER & LU AE

HIP £&, BARiEE, BmeEensis (UF,
ZNENASH, STH, AGMEERY) DOYVID TILE
SHEICKWUBHREES S S URFMELEE ZTMmL 2.
INoWSEDERZRETI D28, AEAMZAN,
X#REHTIC L D@ EEE, SEM DRFBFHRICELD I
JOEMERE, SEM-EDX ICXDBREDM/IEE DT Z
T2, T5IC, RELIFMELIREZRLZ 1023 KD
AG #ICDWCEHFHLBHMEABEZRNT T D/-H, TEME
EHSLUBEFREITEERLI. TEMEABICII FIBRE
ICHKWERLUISEEREZRA .

8485, SEM ICED EDX MBI AMTICHINT, BISE
TRCHDIOBEENRTRETHD. LIeH' DT, Bz
STRICDNCERT .

3. RRERBLUVEE
3.1 B - RMLEICKBESE(L

Fig. 1ICASMBIUSTHOOY I D TIVES ZRY.
WINDARNEBICENTEBBREEEDEREEEI(C
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BT DEENRON, 2%A #IZHNTHICELIEAK
=< 1423 KIZHWT36 HRCETET L7z (Fig. 1(a)).
CORERND, DIEORMLIET 1423 K TAEMBLLIE
LicEBRZRNCERLUL. &7, 3% AED AR
IZHBNTIE, 0%AI» 2%Al FINE LB L, ‘BERCLIERE
DRECLSEEZRLI: (Fig. 1 (b)). STHMTSER
ThHhDIEIFHEMMIOBIZITHE L <AL,

(a) 60 (b) 60

Q

£ 551 WAl 2 55 A
= & = /)k
g 50 \9\9\ O 2 50

S 45 A £ AS'HIP/ )/
E %Al O | B A /

= 40 2%Al = 40 4

g [} T Soluti

—55 35 T 0%Al —§ 35 4 trezliltrlr(l)ennt
2 5 . . . g “ at 1423K

[
~
g}

1423
1473

0 1 2 3 4
Al content/mass%

o &
<=

Solusion treatment temp. /K

Fig. 1 Rockwell hardness variations by the solution treatment

(@) with the treatment temperature and (b) with Al
content.

Fig. 21ZST# (1423 K) BXUAGHMDOY I T T
IWESZRY. O%Al #IFRFMBEILIEA +4 HRC &/h&E
<, BWMREBEEHEEA 37 HRC LEEBETHDN, AR
MmINITNEREHFMELIBZRLE (Fig. 2 ().
BHLEFMBEIEBAAS ) 2%Al #13 1023 KTRAX +12
HRC Z/rL, 48 HRC|ZEZEL = (Fig. 2 (b)).

(a) 60 (b) 60

O a1 SO O O

£ 55 O/ S—o— | £ 55 1 Agng

2 50 3%Al = treatment

8 <>/ A—A__ % 0 T7at1023K

i=]

B 45 A 5

5 Nl E 4

= 40 2%Al E

= = 4

E 35 /)/ —X 2 [3/ Solution

3 X 0%A1 § 353 treatment 1

30 . & at 1423K
s g g8 0 — .
<u S S = 0 1 2 3 4
Aging treatment temp. /K Al content/mass%

Fig. 2 Rockwell hardness variations by the aging treatment

(@) with the treatment temperature and (b) with Al

content.

ZDEDIC, ALGMOBEICK I IFIEMLMICIIKRE
BEENHY, BB NidRAD Al DEERASEEICK
WAREKEALTDIET, SRCOBMBILLIEICLY y
Ni fICEB LA EtEk (Cr, Mo, Al) A, ERETOR
LK EBBILEGME L THRE, BIELTHSZE
HREEND. REUETIE, TNODRMELEEICD
T, B, I 0B, MEBEDBR-NOERT D.
BH, ZITHRETDIMHDAMNIBRMEIT, 2%Al #1C
BNWTERELRENELEBBAEON 1423 K DBHL
B, 1023 KDMEE Lz, &z, BMERIEICLD
BILZECDONTEHHETEINT .

3.2 BRES KT o DAl
Fig. 3 IC X#&Elf/\5—2, Fig. 4 (Z SEM DREIEFE&
IC&D I 7OMEZERL, MTFICEEAMIDNVTERRET S.

O yNi
V Tetragonal-M;Bs
Y Tetragonal-MsBs;

{ Intermetallic compound

0%Al 2%A1 3%Al 4%Al

As-HIP (')

VY Qom'@@ l\
Solution @)
treatment v
(1423 K) vy ' v IlyY A

Aging
treatment O (')
(1023K) |y Vy V oy y[vv W oy Y
30 20/° 60 |30 20/ ° 60

Fig. 3 X-ray diffraction patterns of the HIPed materials with various Al contents and various heat treatment conditions.
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Fig. 4 Back scattered electron images of the HIPed materials with various Al contents and various heat treatment conditions.

(1) 0%Al ##

ASHD I oOEBICHTNCROSNDEEBELEYH
STHMTHELTLDA, XEEFICDNTIZAS#& ST
MELEBEEEMIIROOSNE. THLS, XFEIR
TIIRERELDEDOEEBBEEMH B RILNEICLY
BiATHIEThIMCBbLIzEZZ525. STHE
AG #IZDNTIE, X#gEH, I IOMBICAZTAZEIS
5L, LEN>THMWBLED NS hEEX5ND.

(2) 2%Al

AS MICHNT XFER, IvO0MBBEBICEONS
BRELEWA, STHTIIEQMELTHY, ThhSaH
LALIEIC &LV 36 HRC Z TARIBICEELAABEREZ XS
nsd. LhLBEHLS, KELEMELEEZRLESTHE
AG #DBIC X #E3F, I 0 OME#ME EBELERIIR
SR,

F/=, EEEWICDNT, 0%AI MIZESSR MB, BT
HBDITITL, 2% LIED AR TIIES S M:B; B
ICZE LT, TDE1EIE, MoNiB, R — Xy MMIB
TCrameaniEmic& eI 22 THaN 'Y, K=
ICHBITB AFMICE TR B ENhh O,

(3) 3% BLU 4%Al #

SEBLEWIE, IUOMBBICHTASHHMS ST H
BB ETREHL LTSS, XBEIRFASELA
5EHBMNBREEEELTND. THHS, 3%
PAEDARMICEY, BEREE (1423 K) (I2H1F2

60

NAY=d

BETROEETEN Y NiHFDOBEBREVZ G, &
FERETEBEECEYHEAELESNEL DIcEERD
n, Inp'STHOEEASLEZY (Fig. 1 (b)) LIEE
RTINS, —7, STHEAGHIZDNTIE 2%Al
MEBRRIC, FIFMRELIIERDONIZED0, XREH,
O OB IR ERISRD O N,

~

333 kYUY I RELTERMIELYDRES
Fig. 512 SEM-EDX (IC&®V b v (Fig. 5 (a))
BLUEHEY (Fig. 5 (b)) OAMEZERT. L\ThD
ALFNIE, BIRIRREICH N TEH, Mo EIFMARR D (23%
(Table 1)) &tb&L, ¥ b v O XTELS (5~ 18 %),
B TElY (7T2~78 %). &b, EEBILEHND
Mo gli#ﬁ*ﬁkﬁ’@? NIvoZpnEWUE<, 26 ~60
% CM@Hh Bz, TI2T, 2 % LALLM A RINTERLY
DFENEAR M Bg BhSIESERE MB; B2ICZEtT D
ENXBEIFASHM DA, BREOEMIEYICKER
BAEISEL, £, 0%AI & 2%AI D ST MOEED=E
NS END, EMEYORERERZEICLSDBEIADE
ZlINhEWEE2OND.
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O Solution treatment at 1423K ~<

5 70O Agingtreatmentat 1023K —'@___
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a---{%

| L L Al
0 A== T T T
0 1 2 3 4
Al content in examined material
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Cr, Mo or Al content in matrix
by EDX analysis /mass%
<
15

Fig. 5 EDX analysis results of

ALZEBEICIIERSNTE DT, EHMLYDOMmAR
ANDEEL/NS . —FH, YhIJYTID Mo El,
AS T 5B ERIBICKY Mo 22 ECTEBEILED
(26 ~ 60%Mo) DEE (2%Al #) £ L <|d—EB (3,4%Al
) NEBITDIETEMLTILNDA, ALRMEDIEM
ICEEBUVEPLTESY, v NiEAD Al DEEHD Mo D
EVSRZ RIS, BRI D/ Mo h'EBEEEZE
BRlicEZEaond. NN 3 % LEDARMICS TS
STHOSEEDERTHD LTINS, £/, Z0DK
DN MY IAD Mo EOZALIIMRMEICEREEZRIT
JEEZON, ZOFMCDONTIISEDIRETHD.

153, STME AG MDLEEIZDNTIE, WIho AR
MEBICHNTEV MY IXEXUOEBNEELHRAICK
SRERIIRBDONGN.

3.4 TEMBRERI(C & 5 RFE (L B DR

ZZETOBmME, 0B/, YN YIIBIUE
LR D DIREN S, BIFLALEIC L DBIEZESIC DL

TREBEBBLEMDEBEEGFNEEL, AFMEEM
ICEEE Dy NitED Mo BIARDIE A THifagiBA CE
5. —7F, BREICDNTIE, ChoDBFEAETHIND
AURINETEZEN L, 2%A DAEICH T DB EZEE)I(C
FEITDOAFNHBTER. £2IT, BHRIEBICLDHE
LA BICHMBENEBEZRLICER T EER, FMLIER
#OHBR (1423 KO STHELO 1023 KD AG )
D TEM #Z8Z17 D1,

Fig. 6 ICSTMHIUAGCHD TEMBBREFGZRT.
2%AI A ED AG #IZIE STHICRONAWS T I o0
DEFTEMA RO SN, AIRMEE EHITEML T
2.

(

Cr, Mo or Al content in complex boride <

(@) matrix and (b)

61

100
Mo
Soﬁzzuu ------ -L-= ------ He----..
60
A As-HIP

40 + O Solution treatmentat 1423K
O Agingtreatmentat 1023K

by EDX analysis /mass%

20 B Cr—(a— ===
il Al

Y. Ca a—al
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Al content in examined material
by ICP analysis /mass%

complex boride.

TBIC, ZORMTEYERITIZY M) Y IRIIHTD
BFREIF/NY —2%& Fig. 7I12R9. 2%AI D AG#E
KU 3%, 4%AI D ST#,AGHICITy NifHERET DY’
B (NiA) DRy bARBOHONTZ. 1423 KTOBE
{ERLIBIC KV EHBICEDA S 7= Mo £' 1023 K DES#
WIBTHT IO DITEYZEERTDECDIC, Al
ZZBIC2C y NifEans NiBEzD@bEE LTRSS
nody' MLERLEEEEALND. INICXWL, 0%Al
ICIE ST M, AG M EE YT I o0 DOBFIITHEY (Fig. 6)
KUYy M (Fig. 7) ZEELTULEL. LA DT,
2% LAED AURIIC K DBFRBEEICIE, 2o 2 D
FMTEATEL TS EEXIOND.

B8, 3%, A%AMICHENWTIISTHICE Yy’ HEHER
HonchadzeEns (Fig. 7), Inh' 3% UED AR
MCHNT STHASEEZRLI—ETHDI ELHA
Sh, 5.3, FMELICITyY BEOBmATEL TS
CHREND.
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0%Al 2%Al 3%Al 4%Al
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. . boride
Solution
treatment
(1423 K)
’ 3 li
:' /‘_Interxc)tall ’ £ %meta i
Aging (Sfl%mlgrlgrll ‘\1: \(wl-mcm ’
treatment |we. i3 .._)
(1023K) | Ve
., Aop!ex
lpum
Solution
treatment
(1423 K)
Aging
treatment
(1023 K)

Fig. 7 Electron diffraction patterns of matrix of the HIPed materials before and after the aging treatment at 1023 K.

4. %=

BnlHEMY, WMERLEZET D N-Cr-Mo-BREE
ICHFNEEEZ 5T BT 2 ~ 4%A ZRmL e/
YA ZHRDOHIP R AZTMUL. 1423 KDA
FERIES LV 1023 K DEFINLIEIC K DZE 25T L
IcHER, MTFOMENESNT.
(1) AIZARMT 22 ET, BHEERIEBICLDRE, B3
BHON, 2RAIMICTRELEAE

LB K DELHE
BMELEZR L. 2D 2%AMISBHRLCIRET

62

36 HRC, BFIRRET 48 HRC Z7RL, #MMII%ES
FUBmRE L COMBERMEOMIZICEAL, FEEICH
WCRHERWFENTVRXZBLTID.

(2) AR DBRLRIBZDOESCIE, Mo 7&’37<§
CEBEAMLENE Yy MOBESIUEEFNEEL
&Y, INSIEAFMICEDy NifBRDA ﬁTEéEﬁ@
BEUARRDICERL TS EEZOND.

(3) ALAMM DOEMELIE, T7 002 DIMFTEY
cy' HOERSIVEMSER LTS EEZA LN
2.
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