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ABSTRACT

Surface Characteristics of Mold Steel Coated with (Ti, Zr)N

Composite by RF-Sputtering

By Eun, Sang-won
Advisor ! Prof. Jang, Woo-Yang, Ph. D.
Dept. of Metallurgical Engineering

Graduate School of Chosun University

STD 61 steel has been widely used for tools, metallic mold and die for press
working because of its favorable mechanical properties such as high toughness,
and creep strength as well as excellent oxidation resistance. The STD 61 tool
steel coated with TiN and ZrN by sputtering results in improvement of wear
and corrosion resistance, strength at high temperature and pitting corrosion
resistance, especially in Cl —containing environment.

In this study, the effects of sputtering conditions Ze substrate temperature,
sputtering power, sputtering time and buffer layer on the surface characteristics
of the STD 61 tool steel coated with TiN, ZrN and (Ti,Zr)N by RF-sputtering
method have been studied by using OM, FESEM, AFM, EDS, XRD, XRR,
scratch and nano-indentation tests. Corrosion behavior of the sputtered specimen

was also investigated by potentiostat in a 3.5 %NaCl solution.



The results obtained are as follows;

(1) Microstructures of quenchied and tempered STD 61 tool steel showed
martensite structure with spherical MC, MsC and M23Cs were uniformly
distributed in the matrix but those carbides coarsen with increasing tempering
temperature.

(2) From the results of surface characteristics of coated specimen, the ZrN
coated surface showed finer granular than that of TiN coated surface. The
coated layer structures of ZrN and TiN grow to (111) and (200) preferred
orientation, respectively

(3) From the results of XRR test for surface roughness, density and growth
rate of coating film, surface roughness and growth rate of ZrN coated film and
(T1,Zr)N composite coated film revealed lower values those of TiN coated film,
while, density of ZrN and (Ti,Zr)N composite coated film showed higher values
than that of TiN coated film.

(4) From the nanohardness and elastic modulus test, nanohardness value and
elastic modulus of ZrN coated film became higher than those of TiN coated
film. In case of (Ti,Zr)N composite coated film, nanohardness value and elastic
modulus showed the hybrid character between TiN and ZrN films.

(5) From adhesion test of coated film, TiN coated film had better adhesion
for Ti buffer layer compared with ZrN film. In case of (TiZr)N composite
coated film, the coated layer did not easily breakdown and had low friction
force, friction coefficient and good adhesion.

(6) From the corrosion test of coated film, in (Ti, Zr)N composite coated film,
corrosion current density was lower and pitting corrosion resistance was higher

than those of none-coated, TiN coated and ZrN coated films.
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Table 2.1 The chemical composition of STD 61 tool steel”

Chemical Composition (wt%)
Grade : .
C Si Mn P S Ni Cr Mo |4
STD
61 0.37 0.94 0.30 0.030 | 0.303 0.14 450 1.00 0.80

Table 2. 2. Average expansion coefficient of STD 61 tool steel”

Average Expansion Coefficient(xlOﬁ/"C)
~100°C ~200°C ~300°C ~400°C ~500°C ~600C ~700°C
9.53 10.5 11.6 12.3 12.9 13.2 13.6

Table 2. 3. Hardness variation of STD 61 tool steel with heat treatment

oo D
condition

Heat Treatment Hardness
Annealing Quenching Tempering |Annealing(HB)| Q/T(HRC)

. 1000-1050C .
800-870C ] ) 550-680C
) Air, Gas, Oil ) ) <229 >53
Slow cooling ) Air Cooling
cooling
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UNDERSTAND OF soLID SURFACE
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Fig. 2. 7. Various technique to understand surface morphologyu.
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Fig. 2. 8 Schematic diagram of sputtering targetls; (1) substrate carrier (2)
substrates (3) deposition particles (4) plasma ions (5) magnetic field lines (6)
secondary electrons (7) chamber walls (8) cathode (9) target (10) plasma (11)

sputtered layer
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Table 2. 4. Sputtering targe materials'®

Element Purity (%) Element Purity (%)
Ag 99.99 Ni 99.9
Al 99.99 99.999 Pd 99.99 99.999
Au 99.99 Pt 99.99
Bi 99.9 99.99 99.999 Sb 99.999
C 99.999 Si 99.999
Co 99.9 Sn 99.999
Cr 99.9 99.99 Ta 99.99
Cu 99.99 Ti 99.9
Fe 99.9 \Y 99.9
Ge 99.999 W 99.99
Hf 99.9 Y 99.9
In 99.99 Zn 99.999
Mo 99.99 Zr 99.9
Nb 99.99
Element Purity (%) Element Purity (%)
AIN 99 MoSi» 99
Al,O3 99.9 | 99.99 NbN 99
B4C 99 Nb2Os 99.9 99.99
BN 99 PbO 99.999
B.TiO3 99 PbS 99.9
Bix03 99.9 PbTiO3 99.9
BizTes 99.999 SiC 99
CdS 99.999 SizNy 99 99.9
CdTe 99.999 Si10, 99.99
CrSiy 99 SnO- 99.9 99.99
Cu2S 99.99 TaS, 99.9
FexO3 99.9 | 99.99 99.999 TiC 99
Fe304 99.9 TiN 99
HfO, 99.9 WO3 99.99
In»03 Y203
ITO+ (In203)0s (SnO02)o2 Zn0O 99.999
LiNbO3 99.9 | 99.99 ZnS 99.99 99.999
Lit,O3 99.9 | 99.99 ZnSe 99.999
MgO 99.9 | 99.99




2.3 3 29" Y 93 319 4d TiN% ZrN9 E4 3% 7%

Fig. 2. 9 © TiN9 ZAFxE vetdl Aot TINS 25 8749 A7t &9
AAE A= NaCld o] AA UYL AR(FCC; Face centered cubic)E °]F ™ Ti
o Afete N2 a7 289"y a&5-va% &4 2485 ofF1 3o 2 4=
# AR S vEdE Ao® Basa gt

TiN<S N ZAdulo wel He oA eSS FAst 2 =4dvo] w
A 2 AEge] AA Gebxlth TiINS =l A= 5

of
<
jab)
e
o
=)
@]
<
o
P

Ast N/Tiel vl7F 05 ~ 1 Atole) & 7HAed S7HE+5 e F7hshH
N/Tiel ®7F 1.0¢ v FHie] ALE zteth Hadee] TN &4 Ad2
Table 2. 50 Yeliley, =2 4, =2 7
S 4 5 Aurh

Fig. 2. 109] TiN¢| Aeze w29 No Fxo] waba AW TiN, BCC
T2 § dgE NaCl 8 FCC 7+x9 TiNe| EA4%S & & Utk TiN2 Tig
Agsts N dxpuo] weh W& 2 ANA FFES A o FFEAE
Z4FF(Vacancy)ol EA1ste] Tiol tigk N =Adlo] wa} AXAAS 2
Ax7b Wgketa, s FAEA 24 du Hao AEE JEA HY olE

Fig. 2. 11 vt Aok

)
Mo
(o,

1



j‘fw
[ oy e
@, (
S S
|« >]

a

@ O N

Fig. 2. 9. Crystal structure of TiN and 7N,



Temperature °C

Weight Percent Nitrogen

0 10 20
3500 T T T T A T Y T —t Y
3290°
cmmmE T TS
,—"——- -
- .
3000 4 .- s
’——a‘ ,/
- 4
L - .
e ’
’¢- ,I
’/’ ’
2500 4 . i

2000 4

1500 4

TiN

500

y T T T

10 15 20 25 30 3s 40 45 50
Atomic Percent Nitrogen

Fig. 2. 10. Phase diagram of TiN'®.




. 4245

o

5 a) .
4235-

g 35 ) \“

3

8 4225t \

E Py \\
4215 X A A e A A 2

3 4 5 6 7 8 .9 10 i

N/Ti atomic ratio

b)

3000 — -

2000

Vickers hardness (kg mm3)

1 A Iy 1 A A

o2 4 «6 8 1,0 1,2
Composition ratio

Fig. 2. 11. The variation of TiN lattice parameter and vickers microhardness

value by atomic ratio™”. a) lattice parameter and b) vickers microhardness® .



Table 2. 5. Physical properties of TiN and 7N

TiN ZrN
Structure
B1(NaCl Type) B1(NaCl Type)
Bright
Color Golden—Yellow

Golden-Yellow

Melting point

2946 C

2980 C

Microhardness

2000 ~ 2400Hv

2000 ~ 2200 Hv

Lattice parameter 4240 A 4.630 A
Density 5.39 g/cm” 7.1 g/cm®
Electrical resistivity 25 p&-cm 21 pQ-cm

Heat conductivity

0.046 cal/cmsecdeg

0.049 cal/cm.sec.deg

Thermal expansion

9.35x10° room temp

7.9x10°° room temp
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Fig. 2. 12. Hypothetical anodic and cathodic polarization behavior for a meterial

. . . .21
exhibiting passive anodic behavior™ .



Element analysis of the STD 61

v

Heat treatment

Heat treatment : 1,020°C for 30min
h00°C for 1hr

v

Polishing

)

Coating process (D.C. Magnetron Sputtering)

TiN, TiN/Ti, ZiN, ZtN/Zr, (Til,ZrN

|

surface analysis Mechanical test

- XRD analysis

- Cross — section morpology
Analysis by SEM

- Surface roughness test

- XRD test

- Nano indentation test
- Adhesion test

Y

Multilayver microstructure and Mechanical
Properties analysis




3. 2. A AEH

AT AR AEE EF A eR 9 oldHa = STD 6174

o7 AH FAL AP gEFAME Table 3. 1o 3}8t3 A4S el A o).

ANHE F7 5mm, A& 30mmY tx2a=z Astgon e #2FE 95t
A (1,020°C, 30min), ®3 & (200°C, 300C, 400C, 500C, 600C, for 1 hr) 59 ¢
A2 E st A

Table 3. 1. Chemical composition of samples(wt%)

Elements C Si Mn P S Cr Vv Ni Mo Fe

STD 61 | 0.37 0.94 1 0.30 | 0.030 | 0.033 | 450 | 0.80 | 0.14 | 1.00 bal.

3. 3 AH=HY

T

dAYF A ZUS tholelEE dAubA 05m7HA EHE Antd F opAE
GoAo A oF 1087 255 AFH F AxAA 2dEE AHol Fasted 971
0CAHER FAXNA ZETAS T3

2 Age] o] g3 AHe P42 A4 30 mm, T/ 5 mme =3 FEZ A
Zake] TiN, ZrN 2 (Ti,Zr)Ne uwtute] A% 5 ¢9ste] RF %@ DC wlIYEE 2~
HEHY FAE ol &3

ghebA o] AbE-d RF 9 DC wtIUER 29E FA #Awe 7t=x3 73,

REAA A, Aoz FA=goem,  Fig. 3. 13 3. 2] yetdl npe}
Zol AAE 7HAA Fan WA, WEE B FEE 7HA L = SUS 3045 AbE

shel 27 600 X ¥ol 300 mme NEBoZ AA - AL AL AE3He

A sk, BAl
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Fig. 3. 1. Schematic diagram of magnetron sputtering system.



Fig. 3. 2. Photograph of magnetron sputtering.



Table 3. 2. Deposition conditions of TiN and ZrN coatings

Coating

o TiN film ZrN film Ti/TiN film |(Ti, Zr)N film
condition
Target T1(99.998%) 71(99.99%) Ti(99.998%) | Ti/Zr(99.998%)
Base Pressure 10°® Torr 10°° Torr 10°® Torr 10° Torr
Working o . o .
10 ° Torr 10 7 Torr 10 ° Torr 10 7 Torr
Pressure
Gas N2(35 scem)/ | N2(35 scem)/| Nao(35 scem)/ | No(35 scem)/
Ar(5 sccm) | Ar(5 scem) Ar(5 sccm) Ar(5 sccm)
Operation
150C 150C 150C 150C
temperature
Pre-sputtering 20 min 20 min 20 min 20 min




Table 3. 3. Change in RF-sputtering power and time on the STD 61 tool steel

Sample |Coating layer| Buffer layer Substrate Remarks
1 TiN Ti(2min)
2 TiN Ti(4min)
3 ZrN Zr(2min)
) STD 61
4 ZrN Zr(4min)
5 (T1,Zr)N Ti(2min) 200W (Ti,Zr)
6% (Ti,Zr)N Ti(2min) Rough control of R
power
7% (T1,Zr)N Ti(2min) Fine control of RF power
¥ Sample| Time |0 ~ 7.5min| 7.5~ 15min 15~22.5min 22.5~30min
Ti 200W 100W 50W ow
6
Zr ow 50W 100W 200W
Time 0~ 4min 4~ 8min 8~12min 12~16min
7 Ti 200W 100W 50W oW
Zr ow 50W 100W 200W
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Fig. 3. 3. Change in sputtering power of Ti and Zr targets with operating time.
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type®] ¥ HUAE 10 mm/min®] HE= o] FAZ|WUA 0 ~ TON7HA st5& 47

% FANAWA viue] vhAAFs wE FAA AR SFUEE ZA

@ TETD 61)8 TIN % ZrN 5§ w35 JA4% & 724 S4S <o}
27 8 Hd7istsAd WH(PARSTAT, Model 2273, EG&G, USA)S o] 4313
o, 35wt% NaCl A Aol A -1500 mV ~ +2000 mV7FA] 1.66 mV/secq FA}
&2 FA9 E349 (potentiodynamic)= A3 sFATE AP LA A3 o] AlZH
7] 30 HEH 29 W 74A o2t AE FTEEY wWWgo s AlEH ZYWe E&
&, AslE 2 S§EANAE AASIH e, 2 Hd = (working electrode)oll = Al HE, 7]
A = (reference electrode)2 X 3173 7 = (saturated calomel electrode, SCE)<

B Z A ZF(counter electrode) 0. 2= 1EE BAAFTE 77t ALegon Ay %



Table 3. 4. Condition of electrochemical test

Condition Potentiodynamic test
Electrolyte 3.5wt% NaCl solution
Working electrode Sample
Counter electrode High dense carbon
Reference electrode SCE
Scan rate 1.66 mV/s
Temperature 20 C
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Fig. 4. 1. FESEM micrographs of STD 61 steel tool coated with TiN after

(a) buffer layer deposition for 2min and (b) buffer layer deposition for 4min.
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Fig. 4. 2. FESEM micrographs of STD 61 steel tool coated with ZrN after

(a) buffer layer deposition for 2min and (b) buffer layer deposition for 4min.



Fig. 4. 3. FESEM micrographs showing surface morphology of STD 61 tool
steel (Ti,Zr)N composite coated with after Ti buffer layer deposition for 2min

without RF sputtering power control.
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Fig. 4. 4. FESEM micrographs showing surface morphology of STD 61 tool
steel coated with (TiZr)N composite after Ti buffer layer deposition for 2min

with RF sputtering power control.
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Fig. 4. 5. EDX spectrum of STD 61 tool steel coated with TiN.
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Table 4. 1. Peak identification of X-ray diffraction

Materials 20(Degree) d(A) hkl
44.5 2.037 (110)
a’ 64.5 1.446 (200)
81.9 1.175 (211)

Substrate
43.2 2.092 (111)
Ar 50.2 1.818 (200)
73.9 1.281 (220)
36.7 2.577 (111)
TiN 42.6 2.275 (200)
61.9 1.746 (220)
33.9 2.643 (111)
ZrN 39.3 2.294 (200)
56.8 1.621 (220)

* Agr; Retained austenite
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Fig. 4. 8 X-ray diffraction patterns of quenched and temperead STD 61 tool steel.
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Fig. 4. 9. X-ray diffraction patterns of STD 61 tool steel coated with TiN.
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Fig. 4. 10. X-ray diffraction patterns of STD 61 tool steel coated with ZrN.
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Fig 4. 11. X-ray diffraction patterns of STD 61 tool steel coated with (Ti,Zr)N composite.
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Table 4. 2. X-ray reflectometry(XRR) of the various coating layer

Coating Coated Film Surface
materials Thickness(nm) | Density(g/cm’) | Roughness(nm)
TiN 2min 15 35 29
TiN 4min 18 1.7 3.3
ZrN 2min 13 4.6 14
ZrN 4dmin 16 4.6 25

(Ti, Zr)N 2min 25 4.0 3
(Ti, Zr)N 2min

2.2 55 1
Rough control
(Ti, Zr)N 2min

2 55 0.2

Fine control
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Fig. 4. 12. X-ray reflectometry results of STD 61 tool steel coated with TiN

(Buffer layer deposited for 2min).
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(Buffer layer deposited for 4min).
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Fig. 4. 15. X-ray reflectometry results of STD 61 tool steel coated with ZrN

(Buffer layer deposited for 4min)
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Fig. 4. 17. X-ray reflectometry results of STD 61 tool steel coated with
(T1,Zr)N composite controlled by sputtering power, No. 6 sample (Buffer layer

deposited for 2min).
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Fig. 4. 18. X-ray reflectometry results of STD 61 tool steel coated with
(T1,Zr)N composite controlled by sputtering power, No. 7 sample (Buffer layer

deposited for 2min).
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Fig. 4. 19. Depth profile of (a) Nanoindentation hardness value and (b) Elastic
modulus of STD 61 tool steel coated with TiN.
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modulus of STD 61 tool steel coated with ZrN.
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Fig. 4. 21. Depth profile of (a) Nanoindentation hardness value and (b) Elastic

modulus of STD 61 tool steel coated with (Ti,Zr)N composite.
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Fig. 4. 22. Scratch test results of STD 61 tool steel coated with TiN (Buffer

layer deposited for 2min).
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Fig. 4. 24. Scratch test results of STD 61 tool steel coated with ZrN (Buffer

layer deposited for 2min).
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Table 4. 3. Srface roughness measured by AFM of TiN, ZrN and (Ti,Zr)N

layers
Time 2hrs 3hrs
Temp(500C TiN ZrN (TiZr)N TiN ZrN | (Ti,Zr)N
. 3.751 1.067 2.228 2.533 1.602 2.491
a
4.013 1.273 3.141 4.529 2.147 3.549
Average 3.25 1.17 2.68 3.35 1.87 3.02
Test area 4.844 1.423 1.572 1.956 1.541 1.619
(ym°) 5.148 1.177 1.824 4.022 1.823 1.972
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Fig. 4. 27. AFM images showing the surface roughness of STD 61 tool steel

coated with TiN for Zhrs.
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Fig. 4. 28. AFM images showing the surface roughness of STD 61 tool steel

coated with TiN for 3hrs.
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Fig. 4. 29. AFM images showing the surface roughness of STD 61 tool steel

coated with ZrN for 2hrs.
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Fig. 4. 30. AFM images showing the surface roughness of STD 61 tool steel

coated with ZrN for 3hrs.
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Fig. 4. 31. AFM images showing the surface roughness of STD 61 tool steel
coated with (Ti,Zr)N composite for 2hrs.
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Fig. 4. 32. AFM images showing the surface roughness of STD 61 tool steel
coated with (Ti,Zr)N composite for 3hrs.
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Fig. 4. 33. Potentiodynamic polarization curves of TiN, ZrN and TiN/ZrN

coated STD 61 tool steel after potentidynamic test in a 3.5% NaCl solution.



Table 4. 4. Corrosion current density(Icer) and corrosion potential(Ecer) for

STD 61 tool steels coated with TiN, ZrN and (Ti,Zr)N determined from the

potentiodynamic polarization curves in a 3.5% NaCl solution

STD 61 ) ) ) TiN/ZrN
Non Coated | TiN Coating | ZrN Coating .

tool steel Coating

Lo (A/Cm®) | 1.880x10°° 7.581x107° 2.014x107° 3.419x1077
Ecori(mV) -420 -360 -410 -590




Fig. 4. 34. Optical micrographs showing the corrosion surface after potentiodynamic

corrosion test; (a) TiN coated and (b) ZrN coated films.
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Fig. 4. 35. Optical micrograph of as-received STD 61 tool steel.
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Fig. 4. 36. Optical micrographs of STD 61 tool steel with tempering temperature;
(a) as—quenched, (b)200°C, (c) 3007C, (d) 400C, (e) 500C and (f) 600C.



Table 4. 5. Depth profile Nanoindentation value hardness and elastic modulus
of STD 61 coated with TiN, ZrN(Tempering temperature; 200C, 300C, 400C,
500C and 600C

TiN ZrN
Coated
ilm Elastic Elastic
Hardness Hardness
modulus modulus
Temp.
200C 9.301 191.24 12.845 240.439
300C 10.095 203.874 11.051 210.107
400TC 7.861 176.935 8.384 199.739
500C 9.865 208.13 11.377 230.272
600C 9.714 205.026 10.834 224.449

Fig. 4. 37 ~ 4. 46 STD 61 €3 85742 1020CA 308 fAAFAN F
RF vlZUEE 2"H#yoA 500C 342 TiNI ZrNe 23 FHAEE
nanoindentations ©] &35t HEE X3 ZI TIN ZHZFNAE =Y227}

200C ~ 300C7HA A Xxgkel #A ded vt ZrN " FolAE =% 20

guka o 2 7N FE =o] TiN ZE =d] Hls4 200C ~ 600C7+#] ZrN& E
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Fig. 4. 37. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with TiN STD 61 (tempered at 200°C).
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Fig. 4. 38. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with TiN STD 61 (tempered at 300C).
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Fig. 4. 39. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with TiN STD 61 (tempered at 400C).
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Fig. 4. 40. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with TiN STD 61 (tempered at 500C).
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Fig. 4. 41. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with TiN STD 61 (tempered at 600C).
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Fig. 4. 42. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with ZrN STD 61 (tempered at 2007C).
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Fig. 4. 43. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with ZrN STD 61 (tempered at 3007C).
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Fig. 4. 44. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with ZrN STD 61 (tempered at 400C).
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Fig. 4. 45. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with ZrN STD 61 (tempered at 5007C).
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Fig. 4. 46. Depth profile of (a) Nanoindentation hardness value and (b) elastic
modulus of STD 61 tool steel coated with ZrN STD 61 (tempered at 6007C).
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of #&3 ojm A7t F

2MYgsted FAAAYE AR Y TiNT ZrN&  3A1F Z® S 49 Table. 4.
6.2 7ol 200TolA 500C7HA] =27 ol wel wwHel AA7|(Ra)7t
TiNTZol A& 22InmeolAl 3.34nm= TiN9 ZAAJAY Zvistz xAdAA7| 7}
AdARAE & F AAen, 200CelA 500C7HA =257 oo whep 3H
o] AA7I(Ra)7} ZtNZF2Zol A= 1.79nmeol A 255nm= ZrNe ZA A A7} 0.7nm
A zdst H A

o= aLZolM YA 22 &tz o] AEo] He=d oY ©@itEe] HEo] ZrN

Table. 4. 6. Surface roughness change measured by AFM of STD 61 tool steel

coated with TiN and ZrN with tempering temperature

TiN ZrN

Temperature

None |200C |300°C |400T [500C |600C |None|200TC |300T |400C |500°C |600C

Roughness

227712374 11.797 12.23912.990 | 3.919 [1.497| 1.667 | 2.290 | 2.454 | 2.650 | 2.848
Ra

2.161|2.052|2.541 | 1.997 | 3.683 | 2.165 [1.497| 1.921 | 1.760 | 3.698 | 3.550 | 2.256

Average| 222 | 221 | 217 | 212 | 334 | 3.04 | 1.50 | 1.79 | 2.02 | 3.08 | 3.10 | 2.55
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Fig. 4. 47. AFM images of STD 61 tool steel coated with TiN in accordance
with tempering temperature; (a) as—quenched, (b) 200C and (c) 300C.
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Fig. 4. 48. AFM images showing the surface roughness of STD 61 tool steel
coated with TiN in accordance with tempering temperature; (a) 400C, (b) 500C
and (c¢) 600°C.
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Fig. 4. 49. AFM images showing the surface roughness of STD 61 tool steel

coated with ZrN in accordance with tempering temperature; (a) as—quenched,
(b) 200C and (c) 300TC.
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Fig. 4. 50. AFM images showing the surface roughness of STD 61 tool steel
coated with ZrN in accordance with tempering temperature; (a) 400°C, (b) 500C
and (¢) 600°C.
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