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Abstract

Effect of Cryogenic Treatment on the Wear Resistance
of STD11 Steel

By Kim Hyeung Jun
Advisor: Prof. Jang Woo-Yang Ph. D.
Dept. of Advanced Parts & Materials Engineering

Graduate School of Chosun University

The effects of austenitizing, cryogenic treatment and tempering conditions on
microstructure, phase transformation and mechanical properties have been
studied in the STD 11 steel for tool and die applications.

The results obtained are as follows;

(1) The volume fraction of carbides decreases with an increase in
austenitizing time, resulting in a decrease in Vikers hardness. When STD 11
steel 1s austenitized at a higher temperature, the volume fraction of carbides
dissoluved in matrix increases and the volume fraction of retained austenite
increases due to the stabilization of parent phase.

(2) Retained austenite vanished by cryogenic treatment ie., by
immersing in LN2(-196C) for 12 hrs, which is originated from transformation
from austenite to martensite. However, the austenite — marttensite
transformation does not progress further, even though holding time in LNy
(-196C) is more than 24 hrs.

(3) Vickers hardness value increases by cryogenic treatment and the

maximum value(HV=819) can be obtained in the specimen quenched at

- xii —



1,080 C, and then immersed in LN3(-196C) for 24 hrs.

(4) By tempering at 200 C, transition carbides(e,n; Fe24C) begin to appear in
matrix, while retained austenite transfoms to bainite. The volume fraction of
transition carbides increases with a rise in tempering temperature but it
decreases by tempering at 500 TC.

(5) During tempering process, Vickers hardnees value decreases with a rise in
tempering temperature but it increases again by tempering at 500 C due to the
secondary hardening.

(6) The wear rate of quenched specimen increases, as austenitizing
temperature rises or the volume fraction of retained austenite increases. On the
other hand, the wear rate of the specimen cryogenic-treated becomes smaller
with a rise In tempering temperature because of uniform and nano-sized

preipitates precipitaed in matrix by tempering.
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Fig. 2. 7(16). Diagram illustrating both deformations required for formation of
. 29,30)

martensite phase; (a) lattice deformation, (b) slip type and (c) twin type
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Fig. 2. 8(17). Morphology and crystallography of a’ (bcc or bct) martensite in

ferrous alloysBO).
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Table 2.1 Carbides claimed to form during tempering of Fe-C martensite’

Designation Name and structure Composition
n. eta orthorhombic FeoC

X. chi Hagg carbide monoclinic FesC

e. epsilon hexagonal Fes,C

O. theta Cementite orthorhombic FesC
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Fig. 2. 13. Hardness of iron—carbon martensites tempered 1 hr at 100C to 700°C*.

_19_



&
o
(e}
3
ro
k1
oL
Ho
9
>,
o}
)
o,
o
I
Hoobr
grL
rr
o
N
X
©
R
ofy
ko
ot
O
S
N
4
N
.t
oo
o
=

uebA A 1ol JiAE ARG - AT ol ol dk A3t
T Fe3Co A8 2 V4C3, Mo, ¥ W2C T3 #2 Fa ©@3ES] A E 7]
¢l gkt
olg|3t E3}EEL AAY nfEEAo]lEo A= A Yol wW$ wAd A
MNZ2EZ AAAEY. 23743 A MoC A &3t&EL2 Zol7 10nm, #Al&°] 1.5nmo]
O VAC; ©3ES A Eo] 10nmelw, F77F 1nmd @4 @32z A
o) gk 22k A3t A 02%° Nb= H7hstd d91eh FaatA 71 Ao v AlsHA
EabEl NbCe] Aol o8] #7149 A% 4 7)uE 5+ g,

_20_



A 37 AN

O+
oL

A1 A AE

B Oﬂ?oﬂﬁ AHEE FEE POSCONA Az W7k 384 STD 11 2o A
s}t x4 2 Table 3.13 -t}
fuabdel STD 1174 ®We 482 2& AAT &= ¢ -
o
=

< WAE7] fl8te] abrasive A

4mm?el FAZ

=]
E \__
WA W 2suA das,

Table 3. 1 Chemical composition of the alloy used in this study(wt.%)
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Fig. 3. 2. Schematic diagram for cryogenic treatments; (a) LN» dewer, (b) LNa,
(c) Cu tube, (d) specimen, (e) DC motor, (f)
thermocouple, (h) data logger and (i) recorder.
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Fig. 3. 3. Cooling curves obtained from cooling apparatus for sub-zero and
cryogenic treatments.
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Fig. 3. 4. Schematic diagram of quenching, cryogenic treatment and tempering

process.
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7 2H 2 Vo g guiAddste] YEUE n xS Hlustgon 2 AF
o= F=2 FeCls(2.5¢r)+Picric acid(5gr)+HCI(2ml)+Ethanol(120ml) & AF-&3}of ol

359

>

Table 3. 2. Chemical composition of echants for tool and die steels™

Etchant Chemical composition

1096 Nital HNO3(5ml) + Ethanol(45ml)

4% Picral Picric acid(4gr) + HCI(2ml) + Ethanol(50ml)

Super picral| Picric acid(bgr) + HClI(2drop) + Ethanol(50ml)

Vilella Picric acid(500mg) + HCI(2.5ml) + Ethanol(50ml)

Marble HCI1(20ml) + CuSO4(4mg) + Water(50ml)

FeCls FeCls3(2.5gr) + Picric acid(bgr) + HCI(2ml) + Ethanol(120ml)
Fetdu|yd =D AAFALAA A0 Z(FESEM: Field Emission Scanning Electron

Microscope)= ©]-&3dte] w3t ©3tZ9 A7) 3 X o5 ZAedon e
2 A =dd g 71A 9 gstE o stedR 42 EDS(Energy Dispersive
£ o] &ttt

Ze STDIL 24 o8 ZHddA €42t Ton miller

& ol &3st HFst & JFEH e 300KVl A Fad A 74 (TEM: Transmission
o

o,

ry

X-ray Spectrometer

shA Fapdatdn
Electron Microscope)
Al 4 - X-A IJAEAAH

A e e AAHTFE 9 JHsE 2Aler] fste] X4 81l AlFEksd
ok Al #15009] SiCHWAI 2 Arkg ALOs(lum~0.05um) YA 2 tholopit =
FAo] ~2E(0.25um) 2 v AdArtEdth CuKa 54 X-4A& Alg3sto] At 40KV 2
A 30mACl A 40°~85°¢] W le] X-4 3d =95 AU



A5 A NAH 4E

wats] Askel uAC s AEA G
g 2 ZAsgon o W AR GAE vetr =g
thololi = AP FE 50kg, BF AN 15209tk AEgE 53 Zste] Bt

dAe =30 e AEs F71 S8k Fig. 359 #2 A&
FRAIY7IE o] gsto] mlEAEE *a‘/‘lﬂ‘iiﬁ} ohE Al o] A= 97.99%W-
1.43%C-0.58%Co %=/l WC
o] ATt

Lo
o
h=)
td
A
ox
tlo
=
=
olr

il
$
Q‘L
_EL
[
1
N

= 30mm % t = 3mm

Wear disé

1,

Fig. 3. 5. High speed universal wear tester.



20 ~ 70 N, a2 &%= 059 ~ 338m/s 18 al

R AL = 100 ~
Aov wA F A

Hel =% Ass WAsHr] f1ske] wpRALS
AL =372 439, v 2= (Amount of wear loss) &
o] 712 Ho

2 o g vhm £

2

W = Bb*/Sr (3. 1)
W = 0.0167(b°) (3. 2)

W; amount of weight loss(mg)
W, specific wear rate(mm”/N + m)
B; thickness of wear disc(= 3mm)
b; width of wear trace

r; radius of wear disc
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Fig. 4. 1. Change in wear rate of STDI11 steel austenitized at 1,020C for 40min
with wear load.
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Fig. 4. 2. Change in wear rate of STD11 steel austenitized at 1,020C for 40min
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Table 4.1& o8] Z&%o) vpe} 9= STD 1179 HANS Aadk 7202 A
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Table 4. 1. Etchants for STDI11 steel used in this study

Etchant Chemical composition

109 Nital HNO3(5ml) + Ethanol(45ml)

4% Picral Picric acid(4gr) + HCI(2ml) + Ethanol(50ml)

Super picral| Picric acid(bgr) + HCI(2drop) + Ethanol(50ml)

Vilella Picric acid(500mg) + HCI(2.5ml) + Ethanol(50ml)
Marble’s HCI1(20ml) + CuSO4(4mg) + Water(50ml)
FeCls FeCls(2.5gr) + Picric acid(bgr) + HCI(2ml) + Ethanol(120ml)
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(a) 10% Nital for 2 min(BF image) (b) 10% Nital for 2 min(DF image)

[—= ]
(c) 4% Picral for 7sec(DIC image) (d) Vilella for 3sec(DIC image)

(e) Marble for 3sec(DIC image) (f) FeCls for 7sec(DIC image)

Fig. 4. 4. Optical light micrographs of STDI11 steel austenitized at 1,020C for
40min, and then oil-quenched at 20C.
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Fig. 4. 5. Optical light and SEM micrographs of STDI11 steel with austenitizing
time; (a) 1,020°C x20min, (b) 1,020C x40min and (c) 1,020 C x80min.
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Fig. 4. 6. (a) TEM micrographs and (b) EDS analysis results of STDI11 steel

austenitized at 1,020C for 40min, and then quenched in aqua oil..
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Fig. 4. 7. X-ray diffraction patterns of STDI11 steel austenitized at 1,020C for
20, 40 and 80 min and then oil-quenched at 20C.
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Fig. 4. 8. Change in Vickers hardness value of STDI11 steel with austenitizing time.
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(a)

(b)

' 1 ,[‘]unl1

(c)

Fig. 4. 9. Optical light and SEM micrographs of STDI11 steel with austenitizing
temperature; (a) 960C x40min, (b) 1,020C *x40min and (c) 1,080 C *x40min.
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Fig. 4. 10. X-ray diffraction patterns of STDI11 steel with austenitizing

temperature.
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Fig. 4. 11. Change in mean grain size of STDI11 steel with austenitizing

temperature.
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Fig. 4. 12. Change in Vickers hardness value of STDI11 steel with austenitizing

temperature.
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(a)

(b)

(c)

Fig. 4. 13. Optical light and SEM micrographs of STDI11 steel with cooing rate;
(a) WQ, (b) OQ and (c) compressed air.
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Fig. 4. 14. Change in Vickers hardness value of STDI11 steel with cooling rate.
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Fig. 4. 15. X-ray diffraction patterns of STDI11 steel quenched at 960 C and
then immersed in LN2 for 12, 24 and 48hrs, respectively.
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Fig. 4. 16. X-ray diffraction patterns of STDI11 steel quenched at 1,020 C and
then immersed in LN2 for 12, 24 and 48hrs, respectively.
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Fig. 4. 17. X-ray diffraction patterns of STDI11 steel quenched at 1,080 C and
then immersed in LN2 for 12, 24 and 48hrs, respectively.
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Table 4. 2 X-ray Diffraction angles of ferrite, martensite, austenite and complex
carbides(CuKa)

20 | d-[A] a a’ ¥ HliCe FesC
Hexagonal | Othorhombixc

39.3 | 2.28765 (420) (024)

39.8 | 2.26000 (200)

40.0 | 2.25221 (200)

40.6 | 2.21751 (102) (201)

41.2 | 2.19000 (120)

427 | 2.11354 (202) (211)

43.0 | 2.10000 (121)

441 | 2.05197 (110) (421) (124) (210)

44.6 | 2.03052 | (110)

44.8 | 2.02000 (022)

49.2 | 185000 (122)

50.5 | 1.80691 (200) (204)

64.6 | 1.44662 (200) (441)

65.0 | 1.43320 | (200)

70.0 | 1.34409 (403) (322)

70.7 | 1.33000 (312)

745 | 1.27262 (220)

81.5 | 1.17960 (211) (351)

82.2 | 1.17189 | (211)

83.2 | 1.16000 (233)

86.3 | 1.12636 (353) (400)

90.3 | 1.08617 (327)
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960°C 1020C 1080C

Fig. 4. 18. Optical light micrographs of STDI11 steel quenched at 960, 1020 and
1080C then immersed in LN, for 12, 24 and 48hrs, respectively.

_49_



2. A%

orEelteld % U AzteloAele] oF FE WEE £AEI 5]
960, 1,020 % 1,080 CeolA A 5 HA| Ao 0, 12, 24 B 484 %L
AlHES HAEzks vt e 1 A3+ Fig. 419 2 4207 2t}

OHT

ot 37 &

Fig. 419914 960, 1,020 3 1,080 T2 #AAoll ofs w7 olx FEg2 217 HV
= 780, 753 B 6210 AT} o FE=ghe] Wt AF QAHUolE B ©ElE o

AARES DHG pdo] 9 oA orEibolete]q Lwst vrobA
oxEolee AAEE] FAY NG @siEe] A4 LEo W 960 T A

e
Ju

o] A9 A=z A debgrh ey e zEvelEle]d %7 1,020 2 1,080
T= @*%8}04 273 e 2HUolESY A Z EEo] FsAY 71X w©ItEe A
A Ego] HAadhe wet A=k fHaskdth

FH 9 xHJolgeld emyt 7hy] T2 A Al# Ulsle Zelel oA A7t
of W drs sk a1 Ay Fig. 4209 2uh Al Al EF 12413

O

Fotel Aol elel o8 Amghe FrhEom FAFL WF LsHUelE
b Vg Bed 960 T A AWM bg Rk el Aol e Ae Azke] 24

o 43A o2 FUHetH Al Al RS v zgh AES JERA @ken 960 T
AR ABE ALdetare o Faste 4FS e

T3 Fig. 4200014 A BEgS 1,080 CTollA A3 5 AAd Lo 2447 &
oF Agtol X s AAA HV = 8192 7}4 =4 Yelyttl. Axd 7]olste 2
e A SiHUolES AAEE, ntEAO|ES mA XA ©slEo AV] T

of Ath. oxHUelEe] Ar: mlzEolE Fmd Hla) At
of AEWel AW Briw F oxHubelE: AAHE o] kg
Aairy. 58 28 2 TN Amel st vlzEoEE Wad e
7} o] ofs|n o™ of w mlEuolEe Awi wxsE £AU% 53
C Aol geo] Z7hetw mlzEAbol B AEE F7hET

1080 ColAd @A A%, oxwoletolgel oa o @ %o C AxF ®
Aol gHmE o sEUel Bl FETh Lej o F Akl e A e o8 AR
oxHUoES} miEEAolER MHFTE o © dojxl mZuAlolEE Be C
Axtel guFo] & AwD venhA @,

Ol 0%

_50_



800

750 -

700 +

Vickers hardness (HV)

600 " . .
960 1020 1080
Austenitizig temperature (°C)

Fig. 4. 19. Change in Vickers hardness value of STDI11 steels with austenitizing

temperature.
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Fig. 4. 20. Change in Vickers hardness of STDI11 steels quenched at 960, 1020

and 1,080 C with cryogenic treatment time.
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Fig. 4. 21. X-ray diffraction patterns(20 = 40° ~ 85°) of STDI11 steel quenched
at 960 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 22. X-ray diffraction patterns(20 = 38° ~ 54°) of STDI1 steel quenched
at 960 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 23. X-ray diffraction patterns(20 = 40° ~ 85°) of STDI11 steel quenched
at 1,020 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 24. X-ray diffraction patterns(20 = 38° ~ 54°) of STDI1 steel quenched
at 1,020 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 25. X-ray diffraction patterns(20 = 40° ~ 85°) of STDI11 steel quenched
at 1,080 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 26. X-ray diffraction patterns(20 = 38° ~ 54°) of STDI1 steel quenched
at 1,080 C, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 27. X-ray diffraction patterns(20 = 40° ~ &5°) of STDI11 steel quenched at
960 C, immersed in LN; for 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 28. X-ray diffraction patterns(20 = 38° ~ 54°) of STDI11 steel quenched at
960 C, immersed in LN» for 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 29. X-ray diffraction patterns(26 = 40° ~ &°) of STDI11 steel quenched at
1,020 C, immersed in LN; for 48 hrs, and then tempered at 200 ~ 500 C, respectively.

@Mhwc e -
" —(Mo)’ x =
T O (110)a g3
QC48T500 N-val
13}
=
2 g
w o’
[ o
@
o
£
g
'-g QC48T300
I
¥
QC48T200
o oV AR o ST Y
40 42 44 46 48 50 52 54

26

Fig. 4. 30. X-ray diffraction patterns(20 = 38° ~ 54°) of STDI1 steel quenched at 1,020
C, immersed in LNy for 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 31. X-ray diffraction patterns(20 = 40° ~ &°) of STD11 steel quenched at 1,080
C, immersed in LNy for 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 32. X-ray diffraction patterns(26 = 38° ~ 54°) of STDI11 steel quenched at 1,080
C, immersed in LNy for 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 33. SEM micrographs of STDI11 steel quenched at 960 and 1020 C, and
then tempered at (a) 200, (b) 300 and (c) 500 C, respectively.
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Fig. 4. 34. SEM micrographs of STDI1 steel quenched at 1,080 C, and then
tempered at (a) 200, (b) 300 and (c) 500 T, respectively.
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Fig. 4. 35. SEM micrographs of STDI11 steel quenched at 960 C, immersed in LN,
for 12 and 48 hrs, and then tempered at (a) 200, (b) 300 and (c) 500 C, respectively.
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Fig. 4. 36. SEM micrographs of STDI11 steel quenched at 1,020 C, immersed in LN,
for 12 and 48 hrs, and then tempered at (a) 200, (b) 300 and (c) 500 C, respectively.
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Fig. 4. 37. SEM micrographs of STDI11 steel quenched at 1,080 C, immersed in LN,
for 12 and 48 hrs, and then tempered at (a) 200, (b) 300 and (c) 500 C, respectively.
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Fig. 4. 38. Change in Vickers hardness of STDI11 steel quenched at 960 C, immersed
in LNz for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 39. Change in Vickers hardness of STDI11 steel quenched at 1,020 T,
immersed in LN»> for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 40. Change in Vickers hardness of STDI11 steel quenched at 1,080 T,
immersed in LN»> for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 41. Change in wear rate of STDI1 steel with austenitizing temperature.
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Fig. 4. 42. Change in wear rate of the STDI11 steel quenchedat 960, 1,020 and 1,080
C with cryogenic treatment time.
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Fig. 4. 43. Change in wear rate of STDI11 steel quenched at 960 C, immersed in LN
for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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Fig. 4. 44. Change in wear rate of STDI11 steel quenched at 1,020 C, immersed in
LN> for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.

_71_



20 L L L L 1 L 1
—e—QT

- —4—QC12T
] ’\ —0—QCA48T
16 - . . —
L 4

14

12

10

Wear rate (10-5mm3/N-m)

b gt

\o

T T T T T T T
200 250 300 350 400 450 500

Tempering temperature (C)

Fig. 4. 45. Change in wear rate of STDI11 steel quenched at 1,030 C, immersed in
LNs for 12 and 48 hrs, and then tempered at 200 ~ 500 C, respectively.
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1 15.0kV 13.3mm x1.00k SE(M)

2 15.0kV 13.3mm x1.00k SE(M)

3 15.0kV 12.4mm x1.00k SE(M)

@)

Fig. 4. 46. Wear trace of STDI11 steel with austenitizing temperature; (a) 960
T, (b) 1020 T and (c) 1080 TC.
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Fig. 4. 47. Wear trace of STDI11 steel quenched at 1,080 C, immersed in LN; for 48
hrs, and then tempered at (a) 200, (b) 300 and (c) 500 C, respectively.
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