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Carburized Cold-formed .
Metal microstructure
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Fig. 1 Extraction and quantification procedure for G.G.

influence parameters
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Table 1 Extracted parameters

[Hardness

o particle size No. ave.

o particle size No. ¢

C segregation width ave.

C segregation width o
Material C segregation width ave.-c

and forming parameters JC segregation interval ave.

C segregation interval o

C segregation interval ave.-G
(Chemical composition
Shear strain
IEguivalem strain
o particle size No. ave. in C segregation
o particle size No. ¢ in C segregation

o particle size No. ave.

a particle Size No. ¢

Aspect ratio of a particles

JP-F angle

ILxe

IT X Movement distance

[Hardness X C segregation movement distance

Post-cold forming
and carburization
parameters

C segregation interval ave.
C segregation interval ¢

C segregation interval ave.-o
C segregation width ave.

C segregation width o

C segregation width ave.-c
Carburizing temperature

y particle size No. ave.

|y particle size No. 6

y particle size area ratio (No. < 5)
[y particle size area ratio (No. = 10)

Area ratio of particle size No. < 5 near C segregation

Area ratio of particle size No. > 10 near C segregation

Post-carburization

parameters |y particle size No. ave around maximum vy particle

y particle size No. 6 around maximum y particle
IDistance from maximum v particle to C segregation
C segregation interval

C segregation width

Quantity of fine precipitates

JPrecipitate size ave.

5. RER5 A&

AL TlE, FEEROIRGHELE TR ZEE L 72TPZ FV
THEEZERML, S5EERICBI 22 BHEOZ a2 2640
ICIHE LTz

5.1 {544

HEEAMITIZIS G 4053ITHIE TN TV S SCrd20&ffiFH L
Tz, WO HEIREZ 2L T 5728, 3DD ¥ %5
iy b OMRZZERICHE L7 (Table 2).

Table 2 Chemical composition (mass%)

Steel | C si Mn P | s A N
A | 021 | 031 | 0.89 | 0.017 | 0.015 | 0.044 | 0.021
B | 022 | 033 | 0.86 | 0.017 | 0.015 | 0.038 | 0.018
c | 022 | 033 | 086 | 0.019 | 0.015 | 0.043 | 0.018

5.2 R

HIBIEREC a KI5 E N5 8E1E, 45Tz &
INCHEMMMOT B Z TS, T T, kb 7zE p8x
12mm®D MR OTPIC Bk N T4%, vy HAHBE THgAL,
ZTDRGAHREZZLEE (Fig. 2), Bk emHMzH
I 5TP2{FR L7z (Fig. 3).

g 850°C
‘g Cooling rate
& (0.1, 0.3, and 0.6°C/s)
o
H
Time

Fig. 2 Conditions for controlled microstructures

Fig. 3 Examples of controlled microstructures

5.3 BEMFIC K BEIXILF—DRN

¢ 8 X 12mm® M FEIRTP 2 HLAl -9 2 v [l O 72 S it
L7z, 15 LTSRS K U8 AMIE I3 IR AL fRATIC
X ORDTz. Fiz, TPHOED DR S RN D58
Mozt Zz#E L (Fig. 4).

1 Shear strain: high

1

= Shear strain: low

: Observation area

Fig. 4 Finite element analysis of strain distribution during
compression testing
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5.4 RIRICKBBATRILF—DFIN
EERIREE2950°C, 970°C, 1,000°CD3IKAEICRTEL, &
IR CHTE R R FR %, AN ZHE L7z (Fig. 5).

950, 970, and 1,000°C

Oil quenching

Temperature

v

Time

Fig. 5 Carburization Conditions employed in the study
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HTRICBI 2eEMHAMZBIZL, Table HTRT AT
OERLZITo Tz, RIZETIE, SEMHKOREZIS G
05SSUCHEHLL , #EMAi A= (AT, BiENo.) ZillE Lz,
C ORI TIE, KiENo.DBUEMN K E < 7% 5 1% ERbiki
(LUF, WifR) Mz s  &2RLTWVW5.

BEMAKZHEL, SEMAMICED K2t
7o, TRV, Fig. HTRUTZSSTEPIC BT % HINAEL
& AHZE DB R 72 2 Z S fiETIic K kT L7z,

6. FRITHESR

6.1. AT CDGC.C.EERTF

6.1.1. G.G. & IRIKEDMBH & DBIFR (STEP 1)
FATHIZEDOME DB D, G.GIIRREDEIEHN & &

WHHBEZ 7R L7z (Table 3, Fig. 6). G.G.UE y RifEDIX 5D

SR ZWVCIRHT O AR CoFICREAE L (Fig. 7),

ZTNICHDBHRFDOE R ZITTWE T NS E

Tolz.

Table 3 G.G. parameters of carburized microstructure

Objective variable name R?
Maximum vy grain size number 0.78
Standardized
Explanatory variable name regression
coefficient
Distance to C segregation in maximum y grain 0.50
Area ratio of y grains with size number < 5 near the C segregation -0.31
Average size number of the grains surrounding the maximum y grain -0.24
Amount of AIN fine precipitates -0.04
Average diameter of AIN precipitates 0.00
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Fig. 6 Multivariate analysis results using carburized metal
microstructure parameters (STEP 1)

Fig. 7 An example of post-carburizing microstructure
where G.G. occurs

6.1.2. ' REKEBE DR & AERA DR F & D8R (STEP 2)

6.1.1. THIH U 7232k % O & OFHBIAYE - T2 K+
&, BERIEEZ O o FiENo.DIE 5D & & Z D -tk g
No., CIRHTrDOMIbE, X UTHEmOZEIEE 2RI R
DA EN RN T TH % T EMWHBH LTz (Table 4).

CORERMN S, GGICHET 51k BOMME, A
IEE ORI T 3V F—35 X OISR IERF OB T RV F—
EBRED DB ENDbho Tk

Table 4 Relationship between post-carburizing
microstructure and parameters after cold forming

G.G. correlated to the post-carburization Highly correlated post-cold-forming S;zn:tl:::iloz:d R
microstructural parameters parameters B
coefficient
Average grain size number of the surrounding |Variation in the o grain size -1.09 070
[ coarse grains (No. 4 and below) Average a grain size number -0.43 i
A tio of tals with L Carburization temperature -0.60
rea ratio of crystals with an y grain size —
number > 10 near the C Segregation Average a grain size number -049 055
Variation of o grain size -0.35
Distance to C segregation in the maximumy  |C segregation deformation angle 1.69 034
grain C segregation interval -0.47 i
. . L C segregation deformation angle 0.70
Area ratio of crystals with an y grain size -
~ . Carburization temperature 0.54 0.30
number < 5 near the C segregation —
C Segregation interval -0.36
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6.1.3. BERTEEROREF & EZMER, HERHFORFED
R (STEP 3)

6.1.2. CHiH L 72 im I IE 2 O R+ L #HEI DY by o T2 Al
TE, EMD a KiENo. & ZDIX 5D F, ClRITDIE & RHFE,
BRUOBAWIETHSZ EMHBHLTZ (Table 5).

STEP 3ICHB W T HSTEP 2 & [AfkIC, AT R F—&
B RINF—ICEHDBZRTD, G.GITHET BEHKIEE
DONT-EBFENSH 2 T EMbhro iz,

Table 5 Relationship between parameters after cold
forming and material microstructure and manufacturing
condition parameters

Standardized
Parameters after cold forming [Highly correlated material factors regression R?
coefficient
o grain size after cold forming o grain size of the material 0.82 0.67
C chrcgatlon interval after cold C segregation interval in the material 0.30 0.30
forming
Variation in the o grain size after Variation in the a grain size of material 0.52 0.29
cold forming C segregation width of material -0.55 ’
Deformation angle of C Shear strain 0.55 031
segregation after cold forming C segregation width of material 0.18 ’
Shear strain 0.61
Shear energy 0.39
C segregation width of material 0.33
Carburization temperature Carburization temperature

6.2. G.G.EETO Y bO—)LARERRF & D%
(STEP 4)

6.1. CHEE LIRS K D, 6.1.3. THith L7z[A 11
RIRIREZINA, GG .&DORMFRZMT L. ZO/ME, #
M D a KiENo.NG.CNDEEELRE &<, RN TEHEM
D a KiENo.DIX 5D E, FEMCRME, % L CiRKIRE
ERAWIEDIEE IZ 57z (Table 6).

CORRNS, GCOREFFRI T IVF— (EMH
), BrxLF— RREIEREMT), BAoxlF— (2K
IS OFBRZ 3T EHMHRETET.

Table 6 Relationship between G.G., material structure
and manufacturing parameters

Objective variable name R?
Maximum y grain size number 0.21
Standardized
Variable name regression
coefficient
Material a grain size number -0.72
Variation ¢ in the o grain size -0.53
Width of C segregation in the material 0.43
Carburization temperature -0.35
Shear strain -0.34
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Mo iz (Table 3). THUF, KERBELETEZ S BRI
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AWFZE Tl Fig. 81T & 5 I BRI R+ & DK
FRREEET % T LICK D G.GADFELE N EOHlfER]
e T RRFE L. UL, TORELEKT%Fig 9
WCRT KD ICHEEG.G. & DBIRZHERE U 72 AN H B 1A
Motz (6.20%55%, Fig. 102K).
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Fig. 8 Method for identifying the influencing factors

Carburized

microstructure
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Fig. 9 Method for predicting the G.G.
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Fig. 10 Multivariate analysis results using material
microstructure and manufacturing condition parameters
(STEP 4)
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Metal microstructure

After carburizing at 970°C
T 2

Fine precipitate content: high
¢ Grain size: moderately coarse

S

Shear strain: high

Fig. 11 Comparison of the pre- and post-carburization
microstructures

Fig. 12 Issues in the current influencing factor

identification approach
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