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Abstract

The study of abnormal low surface carbon concentration in gas carburized|
Title Nb-bearing case hardening steel after severe machining.

(800 words)

To increase the productivity and cost reduction of automotive parts, near net shape
manufacturing by cold forging, high speed machining, and/or high temperature carburizing have
been attempted. However, strength reduction occurs due to the coarsening of austenite grain
during conventional carburizing in cold forged parts and in many parts during high temperature
carburizing. To prevent coarsening of austenite grain, addition of microallying elements such as
Nb, Ti, or Al has been carried out. The effect of machining condition on carburizing is now well
known in microalloyed steels. In the present study the microalloying effect of Nb on the
carburizing of severely machined components was studied.

It was found that after carburization the surface carbon concentration (Cs) is reduced
substantially with the increase in the speed (or severity) of machining in Nb-bearing steel
(SCM420Nb) but not in Nb-free steel (SCM420). It was also found that the abnormal decrease in
Cs in SCM420NDb is associated with the severely deformed surface layer produced by machining
since the Cs returned to normal value after the removal of surface layer before carburizing.
Regarding to this abnormal low Cs, systematic study was made to make clear the effect of the
hardness of starting material and the effect of machining condition (cutting depth, cutting speed,
feed per revolution). It was found that the effect of hardness of material is small compared to the
machining condition. It was also found that the Cs in SCM420NDb decreases almost linearly with
the log cutting power. To avoid abnormal low Cs in Nb-bearing case hardening steel, two methods
was shown to be effective, Dremoval of severely deformed surface layer @oxidation treatment at
about 600°C in air before gas carburizing.

Regarding the effect of Cr on the reduction of Cs in Nb-bearing steel, it was found that Cs
decreases with the increase in the amount of Cr content. Moreover, the study by ESCA(XPS)
indicated stronger Cr oxide peaks for lower Cs specimen. Thus it was proposed that abnormal low|
Cs observed in Nb-bearing steel is due to the formation of Cr protective oxide layer during the
initial stage of carburizing. It is considered that Nb(C,N) inhibit the recovery and recrystallization
of lattice defects made by machining, and inhibit reduction of diffusion pass for Cr moves to the
surface from inside.

In summary, in the present study the abnormal low Cs in Nb-bearing steels was systematically|
investigated and the mechanism of low Cs was proposed. The results of this study are expected to
contribute to the reduction in manufacturing cost and stabilization of the quality of automotive gas
carburizing parts.
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Table 2-1. Chemical composition of materials (mass%o)

C Si Mn P S Cr Mo Nb

SCM420
(Nb free steel)
SCM420Nb
(Nb-bearing steel)

021 024 082 0.017 0.027 098 0.15 0.00

021 025 0.74 0.021 0.020 1.12 0.16 0.06

FEELEEBRRZUYAAE, B&E EYREZZATUHINILEE, ERARBRIFICSTHR
BREANZTO-. YHEINMITIE0EHEISTL, 0605 FEEREIMI L. MIIZXE

BF v T (2 FE o CNMGT120408-MM 2025) ZFALY, EHFRFEME NL-2500 [CTEXEEIMI 175
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Fig.2-212R9. &&d, HPDCP(EFA—RURT )L (Carbon Potential) THS.

15 ,18.6

950°C
| | | \870°C
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| 1 T oa
o o . cp=  cp= | cp= || 180¢
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' ‘ ' Temper
CP : Carbon Potential
Fig.2—1 Schematic illustration of specimen. Fig.2-2 Gas—carburizing process.
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1.5mm DESETRCBESIATVSIDICHLT, YETMISAEERBATOBRIEKGEL. F
CTC, ZTNETNDOREATEPMA ICKARFRELIAIVAE YA —RICKDBESZBRE L. TOHEE,
BEIRER D CIERFRIREIL 0. 93% TS (L 760HY L BEDRERFIRE (LT, Cs) LBETH-1-.
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Normally carburized area
Carbon concentration:0.93%
Vickers hardness:760Hv

Abnormally carburized area

Carbon concentration:0.38%
Vickers hardness:563Hv

Fig.2—3 Carburized SCM420Nb specimen after severe machining.
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Fig.2—4 Vickers hardness(50 4 m from the top surface)
of carburized SCM420Nb specimen after mildly

and severely machined.
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Fig.2—-5 Measured carbon concentration profiles of
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Fig.2—-6 Measured carbon concentration profiles Fig.2-7 Vickers hardness distribution of SCM420
of SCM420 and SCM420Nb specimens carburized and SCM420Nb specimens carburized after mild
after mild and severe machining. and severe machining.

Table 2-2. Surface carbon concentration after carburizing (mass%)



Electrically Mildly Severely

polished machined machined
SCM420
0.98 0.98 0.87
(Nb free steel)
SCM420Nb
1.02 0.61 0.38

(Nb-bearing steel)
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Fig.2—-8 Optical micrograph of specimen surface Fig.2—9 Carburized SCM420Nb specimen after
after severe machining. severe machining(right hand side) and then
The left hand side was then polished 40 ¢t m in depth polished(left hand side).

to see the effect on carburization.
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Fig.2-10 Measured carbon concentration profiles for carburized SCM420Nb specimen

at severe machined and polished region.
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Fig.2—11 SEM images of SCM420Nb specimen surface (cross section)
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Table 2-3. Interaction parameters of carbon on alloying element in austenite

¢ 8.6+1610/T
€S 4.8+7370/T
g Mn -5060/T
gNi -4.1+11000/T
gcr 2.5-15000/T
g Mo 7.5-23300/T
g No 2.5-65350/T
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Table 2—4. Comparison of experimental and calculated surface carbon concentration (mass%)

Experimental Calculated value
value
SCM420
0.98 0.98
(Nb free steel)
M420N
SCM420Nb 1.02 0.99

(Nb-bearing steel)
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Fig.2-12 Calculated carbon concentration profiles of Fig.2—13 Calculated carbon concentration profiles of
carburized SCM420 and SCM420Nb specimens. carburized SCM420Nb specimen for surface

carbon concentration of 0.61% and 0.38%.
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Fig.2-14 Calculated carbon concentration profiles of carburized SCM420Nb.
The surface carbon concentration is changed from 0.99% to 0.38% at indicated time.
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Fig.2-15 Relationship between surface carbon concentration and surface roughness.
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Fig.2 - 2 Gas-carburizing process.

Fig.2 - 3 Carburized SCM420Nb specimen after severe machining.
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Fig.2 - 5 Measured carbon concentration profiles of SCM420 and SCM420Nb specimens carburized after
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Fig.2 - 6 Measured carbon concentration profiles of SCM420 and SCM420Nb specimens carburized after mild
and severe machining.

Fig.2 - 7 Vickers hardness distribution of SCM420 and SCM420Nb specimens carburized after mild and severe
machining.

Fig.2 - 8 Optical micrograph of specimen surface after severe machining.

The left hand side was then polished 40pum in depth to see the effect on carburization.

Fig.2 - 9 Carburized SCM420Nb specimen after severe machining (right hand side) and then polished (left hand
side).

Fig.2 - 10 Measured carbon concentration profiles for carburized SCM420Nb specimen at severe machined and
polished region.

Fig. 2 - 11 SEM images of SCM420Nb specimen surface (cross section) (a)(c)Mildly machined (b)(d)Severely
machined.

Fig.2 - 12 Calculated carbon concentration profiles of carburized SCM420 and SCM420Nb specimens.

Fig.2 - 13 Calculated carbon concentration profiles of carburized SCM420Nb specimen for surface carbon
concentration of 0.61% and 0.38%.

Fig.2 - 14 Calculated carbon concentration profiles of carburized SCM420Nb.

The surface carbon concentration is changed from 0.99% to 0.38% at indicated time.

Fig.2 - 15 Relationship between surface carbon concentration and surface roughness.
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F2ETIE Nb Z&F 741 SCMA20 5 (LAF, Nb ERmMEA) T, HRZREBEORERREE (LT,
Cs) 1Zxt L TRKBIDOUIAIM T EHDEZEIF/INE A, Nb ZHE RN L 1= SCM420 & (LA, Nb #ingE)
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3.2 ERAFE
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KAEHNFIDF-8 0. 06%Nb ZHE AN L 7= SCM420Nb (Nb FAndH) Z A=, ABRRICHAV-HEMD
L5 % Table3-1 ITRY. 2T AN (L O 65mm [CHABEZRRZESLZIOTHS. YIEIMIEED
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Table 3—1. Chemical composition of materials (mass%)
C Si Mn P S Cr Mo Nb
SCM420 021 024 082 0.017 0.027 098 0.15 0
(Nb free steel)
SCM420Nb

021 025 074 0021 002 112 0.16 0.06
(Nb-bearing steel)
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Fig.3—1 Heat treatment processes (a)Oil quenched (b)Water quenched.
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Fig.3—2 Schematic illustration of specimen.
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Fig.3—3 Gas—carburizing process.
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Fig.3-5 Microstructures of samples. (a)As rolled (b)Oil quenched (c)Water quenched.
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Fig.3—-6 Vickers hardness of materials after heat treatment.
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Fig.3—7 Carburized SCM420Nb F+P (Ave.Hv 172) specimen after machining.
(a)Mildly machined (b)Severely machined.
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Fig.3-8(a) Relationship between Vickers hardness and surface carbon concentrations

after carburizing in SCM420Nb.
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Fig.3-8(b) Relationship between Vickers hardness and surface carbon concentrations

after carburizing in SCM420.
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Fig.3-9(b) Relationship between surface carbon concentration, cutting speed and feed per revolution
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Fig.3—10 Measured carbon concentration profiles of SCM420Nb specimens carburized after electropolishing.
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Fig.3—-11 Relationship between measured and calculated value of surface carbon concentration

in the F+P specimens.
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Fig.3-12 Relationship between cutting power(P) and surface carbon concentration(Cs).
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Fig.3—13 Optical micrograph of specimen (a)surface before carburizing (b)cross section after carburizing.
Pictures of specimen surface are as machined (left), polished 40 £ m in depth by emery paper{center) and

further electropolished 40 £ m in depth(right).
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Fig.3—-14 Measured carbon concentration profiles of Fig.3—15 Vickers hardness distribution of carburized
SCM420Nb specimens carburized after severe SCM420Nb specimens as severely machined,

machining, polished by emery paper and electropolished. polished and electropolished.
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Fig.3—16 Optical micrograph of oxidized SCM420Nb specimens before carburizing.

(a)As severely machined, (b)oxidized in salt water (c)oxidized in air at 600°C X 3.6ks (d)oxidized in air at
200°C X 7.2ks (e)oxidized in air at 200°C X 10.8ks and (f)heated in vacuum at 200°C X 3.6ks (g)heated in
vacuum at 600°C X 3.6ks. Cross section pictures after etching. (a’ )As severely machined, (b’ )oxidized in
salt water (¢’ )oxidized in air at 600°C X 3.6ks (d’ )oxidized in air at 200°C X 7.2ks (e’ Joxidized in air at 200°C
% 10.8ks and (f’ )heated in vacuum at 200°C X 3.6ks (g’ )heated in vacuum at 600°C X 3.6ks.
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Fig.3—17 Relationship between heating temperature and surface carbon concentration

of carburized specimens.
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Caption List (Figure)

Fig.3 - 1 Heat treatment processes (a)Oil quenched (b)Water quenched.

Fig.3 - 2 Schematic illustration of specimen.

Fig.3 - 3 Gas-carburizing process.

Fig.3 - 4 Flow chart of specimens preparation.

Fig.3 - 5 Microstructures of samples. (a)As rolled (b)Oil quenched (c)Water quenched.

Fig.3 - 6 Vickers hardness of materials after heat treatment.

Fig.3 - 7 Carburized SCM420Nb F+P(Ave.Hv 172) specimen after machining. (a)Mildly machined (b)Severely
machined.

Fig.3 - 8(a) Relationship between Vickers hardness and surface carbon concentrations after carburizing in
SCM420Nb.

Fig.3 - 8(b) Relationship between Vickers hardness and surface carbon concentrations after carburizing in
SCM420.

Fig.3 - 9(a) Relationship between surface carbon concentration, cutting speed and feed per revolution (cutting
depth = 0.1mm) in SCM420Nb.

Fig.3 - 9(b) Relationship between surface carbon concentration, cutting speed and feed per revolution (cutting
depth = 1.0mm) in SCM420Nb.

Fig.3 - 9(c) Relationship between surface carbon concentration, cutting speed and feed per revolution (cutting
depth = 2.0mm) in SCM420Nb.

Fig.3 - 10 Measured carbon concentration profiles of SCM420Nb specimens carburized after electropolishing.
Fig.3 - 11 Relationship between measured and calculated value of surface carbon concentration in the F+P
specimens.

Fig.3 - 12 Relationship between cutting power(P) and surface carbon concentration(Cs).

Fig.3 - 13 Optical micrograph of specimen (a)surface before carburizing (b)cross section after carburizing.
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electropolished 40 4 m in depth(right).

Fig.3 - 14 Measured carbon concentration profiles of SCM420Nb specimens carburized after severe machining,



polished by emery paper and electropolished.

Fig.3 - 15 Vickers hardness distribution of carburized SCM420Nb specimens as severely machined ,polished and
electropolished.

Fig.3 - 16 Optical micrograph of oxidized SCM420Nb specimens before carburizing.

(a)As severely machined, (b)oxidized in salt water (c)oxidized in air at 600°C X 3.6ks (d)oxidized in air at 200°C
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600°C X 3.6ks. Cross section pictures after etching. (a’ )As severely machined, (b” )oxidized in salt water

(¢’ )oxidized in air at 600°C X 3.6ks (d’ )oxidized in air at 200°C X 7.2ks (¢’ )oxidized in air at 200°C X 10.8ks and
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Fig.3 - 17 Relationship between heating temperature and surface carbon concentration of carburized specimens.
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4.1 #E

F2E, FIETHEH. b ERIMEL U N FMAGEESHEZE > TUHIMIEHZEILSE, ZRES
TRz, TORRE, Nb & F R0 SCMA20 8 (LLF, Nb EFMEE) Tk, ARBRREBEORARRRE
(AT, Cs) 2%t L TRERAMODHEIMIEEOEZE NS UOA, Nb ZHEFH L 1= SCM420 §8 (LT
Nb FmnsH) ZEARVAIMILAERICARZREANEHET &, Cs ODREETIAREILZEEZHLL
[ZLf=. LHL, CsDEBETORESIUADZXLIZDOVTIEALMIZHE>TLEL. FITAE
TIE, Cr, N FMEBS L ULIHIMIA Cs ICRIFTEEL, CSOEEETORASLUVAD=XLZEH

LMIZFTHIEEZBRE LT

4.2 EBF&E
AMETIE, BEEIRKIC—HARMICALGN S JIS 64053 SCM420 Db EEA L L T Cr,
No DFMEBEZELESE- 12EZAHE L. HEAMDILERS % Tabled-1 ITRT. TMIIEZBRE
[2&Y 50kg £ 3w MZEE&EL, 900°CT ¢ 65mm (288 L, 1300°CT 10. 8ks ;A{ALALIE L f-& K&
L. E5I12900°CT 3. 6ks BEEMEZITof=. CHOoDREMALHEMMIICEY Fig. 4-1 1ZTRI K
DHRBREER L. FRLEBERAZVAAE BE FYREZZEATUHIMI LR, ERA
RABRIFICTHRBRBEANET >z, UIHIMITIEO50mn EEI S FL, ¢ 60mn 5 EERZHEH
MI L. MIITITEEF YT (B2 FE v CNMG120408-MM 2025) Z ALY, #RFRFEHEE NL-2500
[CTEXEAIMIZTof=. PHEIMIVET7 ERAMILEDEHTIToLA, YEFTMIEKHELTIE
PAHE 2.0mm, FEE 5.8m/s, X YEE 0.5mm/rev, ¥4 /L KIMMIT&EMHEE L TIEYEAHE 0. 1nm, [
HO0.8m/s, EYIEEO Imm/rev &L= SHICTHIMIAMORBRAREEERMEICLIYEL, B
BHGEMTKELE LRRFZHAEL.
ARBRBEANIE DOWA H—FEFT v /BB O—F—N\—XBEFZARRRIFIZT 950°CTEE
13.2ks 2R L, ZD#& 150°CICREFLIZAICTRANET o=, RRARELTETANV TR EME
ALt ARBRBEANEHZ Fig. 4-2I12RT. 4H, BHDCP (FA—KRUR T v (Carbon

Potential) T#®» 5.



HRAZRBEANE, AMEBFRIAIO0T7F54Y (EPMA) (S HRFEESMRE, SHFBEM
BEIUVERMPEEREFEMIR (FE-SEN) 2 & HHBEHRE XBRAZEFHALZHT XPS) 12X 5H
HREDTRAME S VHERITICH L. 4F, BESERICEERRELTI% T A 2ILERL:.

Table 4-1. Chemical composition of materials (mass%6)

C Si Mn P S Cr Mo Nb
Steel A 0.20 0.25 0.80 0.023 0.020 <0.01 0.15 <0.005
Steel B 0.20 0.25 0.80 0.023 0.022 <0.01 0.15 0.050
Steel C 0.20 0.24 0.80 0.020 0.020 <0.01 0.15 0.100
Steel D 0.20 0.25 0.79 0.020 0.019 0.50 0.14 <0.005
Steel E 0.20 0.26 0.79 0.020 0.019 0.50 0.16 0.050
Steel F 0.20 0.26 0.79 0.021 0.019 0.50 0.14 0.100
Steel G 0.20 0.25 0.79 0.020 0.019 1.00 0.15 <0.005
Steel H 0.20 0.26 0.79 0.019 0.018 1.00 0.14 0.050
Steel | 0.20 0.25 0.79 0.020 0.020 1.00 0.14 0.100
Steel J 0.20 0.26 0.80 0.019 0.020 2.00 0.14 <0.005
Steel K 0.20 0.26 0.80 0.020 0.020 2.00 0.15 0.050
Steel L 0.20 0.26 0.79 0.020 0.020 2.00 0.15 0.100
15,18.6 950°C
| 1 |870°C
| 48ks | 4.8ks | 3.6ks f.9ks
. S : | | o.Q. .
8 -} 8 . CP= | CP= | CP= 150¢
1.10% | 1.05% = 0.90% m

‘ ‘ ‘  Tempering
Clamped face / \Machined and observed face CP : Carbon Potential

Fig.4—1 Schematic illustration of specimen. Fig.4-2 Gas—carburizing process.
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(a)Electropolished (b)Mildly machined (c)Severely machined
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Fig.4—-3 Relationship between Cr,Nb concentration and surface carbon concentration.
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THIAIILFMIBERM EERIZ, B— Cr FMEOFKHTE No FMEDEMIZHEL Cs AMET T B1E

FMTH-=. LEDIEMNS, Cs DEFEETIXCr SXUNb DRMTHEEICLSZ EAbh o1 BIZ,



PIHIMIEHN D ETICHESHTE, CsDEFETERENBEEICRNSZEADM o= 1%ENSENG

Cr AMET, CsIT L TN ARMPMIOEENBEEICENSEVWSHEFXINFETRAGAL.

4.3.2 YIHB A ERERRREEDORE KR
AARDHER, UHIMIEHNLET THAHRE CsHNMETITHIEENHALIEMNHALNILE o= £
CT, UIHIEINE Cs DEERICOVWTEEI L. TIEIBIAR (1) X" TREhD.

P=(CD-CS-FR-Kc)/(10007) - « + )

F1o, HUEHER Ko [£7 254 bS—5 1 MAED SON A1 400 T3t Y SEE & LYMIEROBE | b
SERAHICE YkDT (2) HEBNCTES LT

Kc = 4400FR* —5300FR+4100 =« + - (2)
_ _ T,

P EIMIBS (KW)
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CD : Cutting Depth [mm]
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Fig.4-4 Relationship between cutting power(P) and surface carbon concentration(Cs).

Surface carbon concentration(%)



(M, @ XLYEHLEIMILIMIERE IV ETMIZFHTOAEIE S E Cs DREERZE Fig. 4-4
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LN ARMECERLGLIHRABMOLETMIZRMEREE SEMICE YBRELERZEZRT. 0%Nb #TIE, Cr
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BRALREMNHREICH—ICER L TWSIHEETEH s A1 0.5% B4 C%L YU H 0.3%FEEEML TS
DI, Cr BIERBICHEET DRT LI I VINRRDEARBELGSOTNE? -HOTHDIEEALN
%. Fig.4-8121.0%Cr0.05%Nb #IZH 15 ETMIZRMORE S & CEE#EREZE SEM ICX YR
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(a)Electropolishing (b)Severe machining

Cr.oxide

Croxide

Fig.4-5 SEM images of carburized 1.0%Cr0.05%Nb specimens surface (a)electropolished and (b)severe

machined.

(a)0%Cr (6)0.5%Cr (c)1.0%Cr (d)2.0%Cr

Fig.4-6 SEM images of severely machined and carburized specimens surface
with same Nb (0.05%) and different Cr content.



(a)0%Nb (b) 0.05%Nb

Fig.4-7 SEM images of severely machined and carburized specimens surface
with same Cr (1.0%) and different Nb content.

(a)Surface (b)Cross section

Fig.4-8 SEM images of carburized 1.0%Cr-0. 05%Nb specimen after severe machining

(a) surface and (b)cross section
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Fig.4-9 Relationship between Cr oxide area fraction and surface carbon concentration.
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Fig. 4-10 XPS depth profiles of 0. 05%Nb contained specimens carburized after severe machining.
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Fig. 4-11 XPS spectrum around Cr peaks

after 10min spattering (corresponds to

200nm in depth) of severely machined
1. 0%Cr—0. 05%Nb sample
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Mildly machined Severely machined

200nm

Fig.4-12 SEM images of specimens surface of 1.0%Cr-0.05%Nb sample
after mild machining and severe machining.
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Cr #t, 2.0%Cr ## TZHZN 0.96%, 0.81%, 0.58%, 0.55%TdHY, Cr HFMEDEEMIZFEL Cs HME
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Fig.4-13 Cross section SEM images of severely machined and carburized specimens
with same Nb (0.05%) and different Cr content.
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Fig.4-15 Illustration of Cr oxide formation mechanism with the effect of deformation
and Nb and Cr addition.
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