


The MAGMA Approach to Effective Heat Treatment:
Building Optimal Heat Transfer Curves

Think ahead to your target

Rohit B

Application Executive — Ferrous

MAGMASOFT India

2 29-11-2024 16th UGM | Chennai | Radisson Blue b}>
T {4




&) OBJECTIVES

Current Situation -

Not able to determine influence of
HTC on overall casting quality. RIS
Microstructure, Hardness, Stresses S g
etc. are not predicted as HTC curves |

varying from shop floor data
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Analysis of the Initial State
Which Issue Needs to Be Solved?

Suppose, There is deviation in
Hardness and stresses

Hardness & Stresses dependents on
What should be the Quench Medium ?
What should the Cooling rate ?

What type of Microstructure do we require?

4 29-11-2024 16th UGM | Chennai | Radisson Blue ﬁz>
-




| DEFINE YOUR VARIABLES
"T' Which Options, Variables and Flexibility Do |

Have?
Temperature related variables — Material related variables —
1. Furnace Temperature 1. Thermal Conductivity
2. Casting Temperature 2. Specific Heat Capacity
3. Ambient Temperature 3. Emissivity
Time related variables — Environment related variables —
1. Heating Time 1. Cooling Medium (Air, Water, Oil)
2. Holding (Soaking) time 2. Cooling medium temperature

3. Cooling time

Constraints—

1. Furnace & Casting Temperature assumed to be same throughout the furnace heating and cooling.
2. In case of forced cooling, HTC curves are created based on assumptions.

3. Water at 250°C is considered to be in liquid phase. |S
‘)Zs
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DEFINE YOUR VARIABLES

We are going to consider only following in our
case -

Environment related variables —
1. Cooling Medium (Air, Water, Oil)

\S 2 . .' 2 ' ; V
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SPECIFIY YOUR CRITERIA

| {C?)% Which Quality Criteria Can Be Combined and
|
Assessed?
Residual Stress Formation-
269.1 Location - Predominantly around mold-metal contact points and section
250.2 transitions.
2312 Description - Monitor areas prone to stress build-up to predict warping,
2122 cracking, or other defects due to thermal contraction

193.2
1743
155.3

Objectives/Quality Criteria:

117.4

98.4

Stresses in probable crack areas

- 60.5

I 41.5
225

3.6

MA MA

3.567 ‘ \
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KEEP THE TASK EFFICIENT
@ Structure and Simplify the Complexity of Your

b
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Create your own HTC Curves using existing data

Effective HTC

Effective HTC
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Create your own HTC Curves using existing data
Furnace Radiation & Convection

HTC as function of Temperature

This is the htc curve for condition while Workpiece is inside furnace either Heated or Cooled.

11 29-11-2024

Boundary: Furnace_heated_and_Cooled

0.00 500.00 1500.00
Temperature [*C]
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Effective HTC curve for Radiation and
Convection Combined effect

HTC as function of Temperature




Create your own HTC Curves using existing data
Quenched Radiation & Convection

STTETTEE LT Effective HTC curve for
HTC as function of Temperature Radiation and
Convection Combined effect
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This is the htc curve for condition while Workpiece is Oil quenched.
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Create your own HTC Curves using existing data
Forced Air Cooling Radiation & Convection

Boundary: Forced_Air_Cooled Ef‘fective HTC curve for
HTC as function of Temperature Radiation and
Convection Combined effect
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This is the htc curve for condition while Workpiece is Air Cooled using Fans and accessories.

29-11-2024 16th UGM | Chennai | Radisson Blue




Short Note-
Difference between Forced Air Cooled & Air Cooled

Boundary: Forced_Air_Cooled Boundary: Air_Cooled

800.0000 800.0000

00.0000 £i00.0000

400.0000 — 400.0000

HTC [Aiméck]

¢
£
2
Q
=
T

200.0000 200.0000

T T
1000.00 1300.00 L 1000.00 1300.00

Temperature [*C] Temperature [°C]

200 units step added to value to compromise the increased convection heat transfer effect.
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Heat Treatment Cycle
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Hardening MA-MA

Boundary: de+ef

Temperature as function of Time

de+ef
Hardening Heating Curve

From 30°C to 1020°C

@ 600.00

400.00

" Tempering

Boundary: gh+hi

gh+hi
Tempering Heating Curve

From 30°C to 740°C

0.00 '

0.000 \
Time [s]
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MA MA
Provide boundary conditions for Radiation & Convection

Oil Quench

Steps in Heat Treatrent Process
Ternperature History
o0 #* Austenitization User/de+ef
002 il Quenching MAGMA/Steel_Quench_25C

003 == Termpering User/gh+hi

00 WP Cooling MAGMA/Steel_Air_cooling as soon as max, temp, in Casting 1D 1 falls below 40,0 °C

Boundary Definition

Material 1 Material 2 ) e/Filename | Type
Cast Alloy Cast Alloy e Heat Transfer Coefficient
Cast Alloy Sand Maold User/Qil_Quenched  Heat Transfer Coefficient

Cast Alloy Sleeve User/Oil_CQuenched  Heat Transfer Coefficient

Force Air Cooled

Steps in Heat Treatrnent Process
Temperature History
001 #* Austenitization User/de+ef
002 il Cuenching MAGMA/ Steel_Cuench_25C
003 = Tempering User/gh+hi

004 WP Cooling MAGMA/Steel_Air_cooling

Boundary Definition
Material 1 Mat D' | Material 2 | Mat ID
Cast Alloy Cast Alloy Heat Transfer Coefficient

Cast Alloy Sand Mold User/Forced_Air_Cooled  Heat Transfer Coefficient \

\

Cast Alloy Sleeve Uszer/Forced_Air_Cooled  Heat Transfer Coefficient
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: .. . MA.-MA
Multiple boundary conditions HTC Curves for Optimization

Oil Quench Water Quench

Force Air Cooled

\
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: . MA.-MA
Excel sheets can be used to create HTC using following data -

Ultimate HTC
Considering
Equal Temp

of Workpiece

& Furnace at
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1
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CHOOSE YOUR METHOD
@ Which MAGMASOFT® Optimization Tools Are Most Appropriate and
Effective to Reach Your Objective?

DoE (8 Designs)-

Two different Quench Mediums (Oil & Water)
Quench Medium at two different temperatures ( 25°C & 250°C)

Two different air cooling conditions (Simply Cooling in open air &
Forced air Cooling.

Comparisons -
Max. Principal Stress
Von-Mises stress
Hardness, Microstructure etc.

"\
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DoE (8 Designs)

— .
-0— Design Variables v W) Objectives
_|:|_

| Design Variable Datacet List Dependency Reduce Max. Principal Stress (Casting Process)

w| 002 CQuenching - Temperature Histo User/Steel Quench_25C <Mone= Co
97 =P i User/Steel Quench_250C Reduce Max, Principal Stress (Heat Treatment)

002 Quenching - Boundary Data - Boundary ID 1/ Casting ID 1 User/Qil_Cuenched =MNonex» : :
User/Water_Quench Reduce Von Mises Stress (Casting Process)

004 Cooling - Boundary Data - Boundary |D 1/ Casting 1D 1 User/Air_Coocled =<MNone> ,
User/Forced_Air_Cooled Reduce Von Mises Stress (Heat Treatment)

*
*

: Start Sequence

*
*

Design ID | 002 Quenching - Termmperature History | 002 Quenching - Boundary Data - Boundary ID 1/ Casting ID 1 | 004 Coeling - Boundary Data - Boundary D 1/ Casting [D 1

User/Steel_Cuench_25C User/Oil_Cuenched UserfAir_Cooled
User/Steel_Cuench_230C User/Oil_Cuenched Uszerfair_Cooled
User/Steel_CQuench_25C UserWater_Quench User/Air_Cooled
User/Steel_Cuench_250C User/Water_Cluench Userfair_Cooled
User/Steel_Cuench_25C User/Qil_Cuenched Uszer/Forced_Air_Cooled
User/Steel_Cuench_2500C User/Ohl_Cluenched User/Forced_&Air_Cooled
User/Steel_Cuench_25C User/Water_Cluench Uszer/Forced_Air_Cooled
User/Steel_Cuench_2500C UserWater_CQuench User/Forced_Air_Cooled

o | = ||| W | =

29-11-2024 16th UGM | Chennai | Radisson Blue




MA MA
Assessment of DoEs
Overview -

Vi

Design Reduce Max. Principal 5tr... Reduce I"-a'1a:-::..-'IE'rincipaI Str.. Reduce Veon Mises Stress ... Reduce Von Mises Stress (...

30

—
jry
L

Design 2 39. 18.75
Design & 30,4 2.3
Design 1 } 24,93
Design 5 139.49

Design 8 139,49

Lh

Ln
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o

Finding —
Von-Mises is
generally used to
determine yield
failure criteria
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Design 3

Max principal are
more 'real' and
directly measure
stresses

Design Reduce Max. Principal 5tr...  Reduce Max. Principal 5tr... Reduce Von Mises Stress ... Reduce Von Mises Stress (...

ju—y
—_
g
L

Design 4 139.49
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L L

—_ ot ok ok ok L
—_ % A —

[T T TR TE RN TR TT

Ln
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Assessment of DoEs
Parallel Coordinates -

Reduced Max. Principal Stress Reduced Max. Principal Stress Reduced Von Mises Stress Reduced Von Mises Stress
(Casting Process) (Heat Treatment) (Casting Process) (Heat Treatment)

Reduce Max,
Principal Stress

S Reduce Von
L}Q p Mises Stress
Q‘._Q . (Heat Treatment) . Y (Heat
FAa [l i . Treatment) []
$E§ ,
Fof
3
5 Q‘kq?

&
EEEN

32.03 3217
3108 1193
29.18 y 140 . 1146
28.24
27.29 23098
26.34 3075
2533 3051
24.44 ’ 3027
23.49 ; 30,04
2254 29.80
21.59 2957

32
YSZ.!

31.22

20.64 29,33
19.69 29.09
18.75 28.86

b 13349
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Assessment of DoEs

Reduced Max. Principal Stress
(Heat Treatment)

User/Steel_Quench_250C User/Forced_Air_Cooled User/Water_Quench :
rUser/stesl_quench_250C T User/Farced_Air_Cooled HJser/Water_Quench Reduce Max.
Principal Stress

(Heat Treatment)

[-]

32.03
31.08
30.13
29.18
28.24
27.29
26.34
25.39
24.44
23.49
22.54
21.59
20.64
15.65
18.75

| User/Steel Quench 25C 'User/Air Cooled Aser/0il Quenched
V' N User/Steel_Quench_25C A User/Air_Cooled A User/Qil_Quenched
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Assessment of DoEs

Reduced Von Mises Stress
(Heat Treatment)

User/Steel_Quench_250C User/Forced_Air_Cooled v User/Water_Quench
T USEr/stest_qQuench_250C T UsSer/Forced_Air_Coofed nUser/Water_Quench i Reduce Von
Mises Stress

(Heat
Treatment) [-]

32.17
31.93
31.69
31.46
31.22
30.98
30.75
30.51
30.27
30.04
29.80
29.57
29.33
29.09
28.86

| User/Steel Quench 25C J User/Air Cooled ser/Qil Quenched
r N User/Steel_Quench_25C A User/Air_Cooled a User/0il_Quenched
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=)  ACT & CHECK IMPROVEMENTS

L
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Results Assessment

Max Principal Stresses ( Heat Treatment)

D1
Quench_25C...
Oil Quench
Air Cooled

Z i ,—'

Y Jl ‘
N \J
a—~ \ N\ -

6.000 MPa
—
v05_d1

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %
X-Ray: on
D3
Quench_25C,.,
Water Quench £
Air Cooled

6.044 MPa

L
\

v05_d3

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %

X-Ray: on

27 29-11-2024

Max. Principal
Stress

MPa
24,93
Empty

24.93
18.93
12.92
6.92
0.91
-5.09
-11.10

-17.10
=17:3

Max. Principal
Stress

MPa
32.98

Empty
32.98
25.84
18.70
11.56
4.42
-2.72
-9.86

-16.99
-16.99
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D2 P MaxétPr;i:;:ipaI
Quench_250€., e
18.75
Empty

Air Cooled

Oil Quench ;-
18.75

o B

14.40
10.05

\

5.71
1.36

o -2.99
\ - -7.33
— \ -11.68
Hea;Treatment, Cooling, Max. Principal Stress -11.68
Ambient, 100.00 %
X-Ray: on
o - Max. Principal
D4 ‘ Stress
Quench_250€,, MPa
i 27.39
Water Quench A Empty
Air Cooled 27.39
B 2177
.590 MP
-
‘ - 10.53
¥
491
N \
o, »~ -0.71
\ .
v05_d4 S
Hea;Treatment, Cooling, Max. Principal Stress -11.96
Ambient, 100.00 %
X-Ray: on MA MA

"\

Y)s




Results Assessment MA-MA

Max Prmmpal Stresses ( Heat Treatment)

D5 g Max. Principal D@ da Max. Principal
= Stress Stress
Quench_25C _ o Quench_ 250C — -
Oil Quench 24,93 Oil Quench
Forced Air Cooled =pty . Forced Air Cooled E"‘F’“’,_,ng
24.93| 18.80
" 18.94 0.411 MPa | 14.45
- o
- 12.94 10.10
. o 6.94 ‘ 5.75
- -
! ‘ 0.94 ‘ 1.40
v 2 > i
-5.06 —— -2.95
-~ - s -
> -11.06 -7.29
0.005 MPa
v05_d5 m - -17.06 v05_d6 . > -11.64
Heat Treatment, Cooling, Max. Principal Stress -17.06 Heat Treatment, Cooling, Max. Principal Stress -11.64
Ambient, 100.00 % > Ambient, 100.00 % y
X-Ray: on X-Ray: on 3
D7 ' Max. Principal DS = Max. Principal
. ' Stress . Stress
Quench_25C - - Quench_250C - -
Water Quench 32.93 Water Quench 27.31
Forced Air Cooled . ™Y . Forced Air Cooled Emety oy
EPEE] 27.31
18.68 16.10
7 — 7
5 o 11.56 5 - 10.50
4.43 4.89
o al_—
P -2.69 — -0.71
> e 4
\ -9.82 \ -6.32
. _
v05_d7 16.94 v05_d8 11.92
Heat Treatment, Cooling, Max. Principal Stress -16.94 Heat Treatment, Cooling, Max. Principal Stress -11.92 ‘ \
Ambient, 100.00 % Ambient, 100.00 % 'v
X-Ray: on X-Ray: on MA MA
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Results Assessment

Hardness Brinell, Quenching ( Heat Treatment)

Hardness Brinell

D1 He
Quench_25C J— 453.3E t
. mpty
Oil Quench "
Air Cooled R 4354
334 HB & '
| 4 417.1
z - 398.7
i 380.3
> 326.563 HB
‘\ * 362.0
\ 343.6
VOS5 d1 325.3
Hea;Treatment, Quenching, Hardness Brinell 3253
3d 18h 21min
X-Ray: on
D3 Hardness Brinell
HB
Quench_25C 464.8
Empt
Water Quench.... res
Air Cooled '
444.8
4249
Z 405.0
Y 385.0
> = : : 365.1
\ \ 345.2
v05_d3 A2
Hea;Treatment, Quenching, Hardness Brinell 325.2
3d 18h 21min
X-Ray: on

16th UGM | Chennai | Radisson Blue

29 29-11-2024

D2 Hardness Brinell
HB
Quench_250C B
i Empty
O_|I Quench ___ g pob
Air Cooled & :
S o e - 403.3
4 376.5
Z ‘ ety 349.7
Y £ - 3229
> 243.887 HB
= o\ "‘ — 296.1
\ 269.3
VoS d2 242.5
Hea;Treatment, Quenching, Hardness Brinell 242.5
3d 18h 21min
X-Ray: on
D4 Hardness Brinell
- HB
Quench_250C 461.6
S Empt
Water Quench.sm - e
Air Cooled % 430
oo 332.465 e Rl '
399.0
2 , i EIT
Y E
Y % ol 336.4
» 243.820 HB
N = d 305.1
\ PYER:]
VoS d4 242.5
Hea;Treatment, Quenching, Hardness Brinell 242.5
3d 18h 21min
X-Ray: on

"\




Results Assessment
Hardness Brinell, Tempering ( Heat Treatment)

30

D1 Hardness Brinell
HB
Quench_25C - .
Oil Quench ' Empty
. a8 388.5
Air Cooled N
o _ ‘; S 376.1
- 365.381 HB
= : y Rl 363.7
z 9 =0 ’ g 3513
Y ¥ 338.9
/‘B 1 302655 HB - 326.5
\ 314.1
v05_d1 2017
Hea;Treatment, Tempering, Hardness Brinell 301.7
4d 12h 33min
X-Ray: on
Hardness Brinell
o - . "
Quench_25C , 393.7Empty
Water Quench 3937
Air Cooled ) ‘ > 180.6
365.373 HB
2 '\ { 367.4
Z 354.2
Y 341.1
N 327.9
\ 314.8
Vo5 d3 301.6
Hea?Treatment, Tempering, Hardness Brinell 301.6
4d 12h 33min
X-Ray: on
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D2 Hardness Brinell
HB
Quench_250C < s,
) P Empt
Oil Quench R
. ; ‘ ™ 375.2
Air Cooled B
g ‘ 355.0
il N 27 020 Hi Bl
X , ol 334.8
F 4 S —— 314.6
Y N F 294.3
N— [234.553 1 2741
— e —

\ . 253.9
v05_d2 PEENS
Heat Treatment, Tempering, Hardness Brinell 233.7
4d 12h 33min
X-Ray: on

Hardness Brinell
o - .-
Quench_250C P 392'2Empty
Air Cooled . % 2696
- 307.115 15 R

346.9

z . 3243

Y N -~ 301.6

G\ o B 234.835 HB @ 279.0

— 28— —

\ 256.3
v05_d4 PEENS
Heat Treatment, Tempering, Hardness Brinell 233.7
4d 12h 33min ;
X-Ray: on MA MA

"\

Y)s



MA
Results Assessment

Hardness Brinell, Tempering ( Heat Treatment)

D5 Hardness Brinell D6

Hardness Brinell

314.8 . 256.3

HB
Quench_25C . - Quench_250C O 4752
Oil Quench Empty Oil Quench Empty
Forced Air Cooled 388.5 Forced Air Cooled ~, 375.2
/ 376.1 / = 9 355.0
@i s6a7 < o
z G 351.3 7 . [ ‘“& 314.6
Y ; 338.9 Y ; 294.3
>‘ 3265 > . ' > 274.1
314.1 253.9
302.007 HB . 234,532 HB] .
v05_d5 ( 204 v05_d6 238
Heat Treatment, Tempering, Hardness Brinell 301.7 Heat Treatment, Tempering, Hardness Brinell 2337
4d 12h 33min 4d 12h 33min
X-Ray: on X-Ray: on
D7 Hardness Brinell D8 Hardness Brinell
HB HB
Quench_25C — Quench_250C . —_—
Water Quench Empty Water Quench Empty
Forced Air Cooled ELEN Forced Air Cooled N 392.2
380.6 _ A &Q 369.6
367.4 346.9
y4 354.2 Z . 4 324.3
;f\ 341.1 ’Y\K 301.6
Y /\
/‘ 327.9 e Fa 279.0

302.007 HB o o m ,
v05_d7 ‘ i v05_d8 a
Heat Treatment, Tempering, Hardness Brinell 301.6 Heat Treatment, Tempering, Hardness Brinell 233.7 ‘
4d 12h 33min 4d 12h 33min S, \
X-Ray: on X-Ray: on MII : MA
31 29-11-2024 16th UGM | Chennai | Radisson Blue




Results Assessment
Microstructure (Heat treatment)

32

D1
Quench_25C
Oil Quench®™
Air Cooled

58.539 %
62.733 %

v05_d1 t

Heat Treatment, Quenching, Martensite

3d 18h 21min b 4
X-Ray: on
(DX]
Quench_25C_
Water Quench
Air Cooled -

v05_d3

Heat Treatment, Quenching, Martensite
3d 18h 21min

X-Ray: on

29-11-2024

~9.645 %

63.174 %

lMartensite

96.91

lMartensite

%

Empty
96.91

88.34

36.91

16th UGM | Chennai | Radisson Blue

79.77,,
.71.20
62.63

54.06
45.49
36.91

7
DY (Martensite
Quench_250C /ﬁ' 872
Oil Quench g N
Air Cooled .
|
26.270 % e
Z ] '
31.762 % j— \‘
Y gl
\ -
v05_d2

Heat Treatment, Quenching, Martensite
3d 18h 21min
X-Ray: on

D4

Quench_250C

Water Quench

Air Cooled —

B 06.208 %

z 31.734 %

g v
—

v05_d4
Heat Treatment, Quenching, Martensite
3d 18h 21min

X-Ray: on

28.026 %

29.398 %
\‘

e

artensite
%
94,99
Empty

94.99
82.74
70.49
.58.24
45.99
33.74
21.49

9.24
9.238

"\




Is that all we can do?
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MA.-MA
Optimizing Soaking Temperature

960 960
/ 1
860 860

460 46

aee—————
i \
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MA.-MA

Optimizing Soaking Temperature

- L]
-0— Design Variables
-

Design Variable Dataset List Dependency
001 Austenitization - Temperature History  User/Steel_Oven_860C
User/Steel Oven_960C
003 Tempering - Temperature History User/Steel_Temper_360C
User/5teel_Temper_460C

Design ID |001 Austenitization - Temperature History |003 Tempering - Temperature History
User/Steel_Oven_860C User/Steel_Temper_360C
User/Steel Oven_9601C User/Steel_Temper_360C
User/Steel_Oven_860C User/Steel_Temper_460C

User/Steel_Oven_960C User/Steel_Temper_460C

DoE ( 4 Designs)-

Austenitizing Medium at two different temp
Quenching Medium at two different temp

%
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Assessment of DoOES

Reduced Max. Principal Stress
(Heat Treatment)

Uber Steel_Oven_960C Usz-'[ Steel_Temper_460C
‘Usen’Steel Oven_960C ‘User}SteeI | Temper_460C

Al User/Steel Oven 860C | User/Steel Temper 360C
F 3 User/Steel Oven_860C A User/Steel Temper 360C

29-11-2024 16th UGM | Chennai | Radisson Blue




=)  ACT & CHECK IMPROVEMENTS
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Results Assessment
(Hardness after tempering)

306.582 HV I

vll d1
Heat Treatment, Tempering, Hardness Vickers

1d 14h Omin (0.00°)
X-Ray: on

304.698 HV I

vll_d3
Heat Treatment, Tempering, Hardness Vickers

1d 14h Omin (0.00°)
X-Ray: on

38 29-11-2024

Hardness Vickers
HV
571
Empty

571.0
509.5

. 451.092 HV
386.5 /%

325.0 i @ 477.283HV
263.5

202.0

140.5 Vi1 d2

Heat Treatment, Tempering, Hardness Vickers
1d 14h 2min (0.00°)
X-Ray: on

Hardness Vickers
HV
559.6
Empty

559.6
499.7

439.8 443,088 HV' =
380.0 N
X .

Y z
320.1 / [ N\ @ 468.151HV
& ~
' i | |
200.4 b

140.5 vi1_da

Heat Treatment, Tempering, Hardness Vickers

1d 14h 2min (0.00°)
X-Ray: on

16th UGM | Chennai | Radisson Blue

Hardness Vickers

601.1

Hardness Vickers

588.7

HV
Empty
601.1
532.5
463.9
395.3
326.7
258.2
189.6
121.0

HV
Empty
588.7
521.9
455.1
388.3
3214
254.6
187.8
121.0

G

MA.-MA

Finding —
Quenching at high
temperature increased
the hardness
considerably, while
tempering temperature
change showing less
effects




Results Assessment

39

(Stresses)

v/ 143.719 MPa

& 15150 vra
T

vil_d1

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %
X-Ray: on

_91.996 MPa
& o3\ |
foso

vil_d3

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %
X-Ray: on

29-11-2024

Max. Principal
Stress

MPa
302.6
Empty
302.6

228.2
153.9
79.6
5.2
-69.1
-143.5

-217.8
-217.8

Max. Principal
Stress

MPa
197.3
Empty
197.3

146.1
94.9
43.7
=75
-58.7
-109.9

-161.1
-161.1

16th UGM | Chennai | Radisson Blue

7!‘ 127.480 MPa
S

128.415 MPa |

vl d2

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %
X-Ray: on

7—/ 51507 v
640

-

vil_d4

Heat Treatment, Cooling, Max. Principal Stress
Ambient, 100.00 %
X-Ray: on

Max. Principal
Stress

MPa
312
Empty
312.0

236.2
160.3
84.5
8.7
-67.2
-143.0

-218.8
-218.8

Max. Principal
Stress

MPa
203.6
Empty
203.6

151.4
99.2
47.0
=5.2
:57:5
-109.7

-161.9
-161.9

G

MA.-MA

Finding —

d3, d4 tempered at
460°C shows
significant improved
stresses in comparison
of d1,d2 tempered at
360°C

\




Results Assessment
(Pearlite Formation after Quenching)

vll d3
Heat Treatment, Quenching, Pearlite

20h 30min 33s (0.00°)
X-Ray: on

40 29-11-2024

Pearlite
[+¥4

/0
77.23
Empty

77.23
66.20
55.18
44.15
33.13
2211
11.08

0.06
0.05617
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60.030 %

vll d4
Heat Treatment, Quenching, Pearlite

20h 32min 1s (0.00°)
X-Ray: on

Pearlite
o

fo
66.28

Empty
66.28

56.81
47.34
37.88
28.41
18.94
9.47

0.00

G

MA.-MA

Finding —
Quenching at low
temperature (860 °C)
causes more pearlite
formation in core
regions




Results Assessment
(Martensite formation after quenching)

Martensite
%
96.78
Empty

96.78
82.95
69.13
55.30
41.43
27.65
13.83

0.00 vll d4
Heat Treatment, Quenching, Martensite Heat Treatment, Quenching, Martensite

20h 30min 33s (0.00°) 20h 32min 1s (0.00%)
X-Ray: on X-Ray: on
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Martensite

99.7

Empty
99.70

85.46
71.21
56.97
42.73
28.49
14.24
0.00

G

MA.-MA

Finding —

Queching at high
temperature (960 °C)
Causes more
martensite formation at
outer and sub-
surfaces.

b




Thank you for your
attention.

b



