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A Study on Surface Hardening Treatment of Cast Iron

for Press Die by High Power Diode Laser

Moo—Keun, Song

Department of Marine System Engineering
Graduate School of

Korea Maritime University

Abstract

Mold industry is essential to the basic industries like as automobile,
ship and electronic parts and grows constantly with allied industries.
But surface hardening treatment is necessary to improve the quality and
prolong the life time of die because the die has enormous influence on
the quality and cost of products. So far, Flame and induction heating
have applied for surface hardening of die, but they involve many problems
such as the distortion and limited shape. Therefore, laser surface
treatment method is used to solve these problems and increases the
surface hardness of die.

Laser surface hardening wuses the laser heat source of high
power—intensity to rapidly heat the surface of steel into austenitic

region. And then due to the self-quenching which is occurred by rapid



cooling with only high rates of heat transfer, the surface of steel
transforms from austenite to martensite. The surface treatment has the
very low thermal distortion because of fast thermal-cycle and 1t does not
require the external cooling system and it is possible for localized heat
treatment. High power diode laser especially is regarded as the most
proper laser for surface hardening treatment by the specific
characteristics of diode laser. Therefore, diode laser is applied to
increase the surface hardness of die as the press die for car body.

This study 1s related to the surface hardening treatment to four types
of cast irons for press die by using high power diode laser. Hardened
width and depth was measured and hardened zone was analyzed by hardness
test after surface hardening in order to research the optimum condition
of heat treatment. The surface treatment is carried out with the change
of beam travel speed and laser power. The slower beam travel speed was
and the more laser power increased, the more hardened zone increased. But
when the heat input was not controlled, the coloring or melting of
surface was occurred.

Then i1t was found that flake graphite cast iron needs the higher heat
input than spheroidal graphite cast iron by the hardening characteristics
with material and form of die. And the proper heat treatment temperature
for each material was drawn by heat-treating with temperature control. As
a result of hardness measurement and observations on microstructure of
hardened zone, hardness increased more than three times as compared with
base metal because the lath martensite was formed on the matrix

structure.
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Fig. 2.1 Fe-C double phase diagram
Table 2.1 Temperature and content of Fe-C double phase diagram
. Carbon content 5 Carbon content
Point Temp[ C]. Point Temp[ C]
weight% atom% weight% atom%
A 1539 J 1499 0.160 0.739
B 1499 0.530 2.418 K 723 6.689 25.0
C 1145 4300 17.286 K' 738 100.0 100.0
C' 1152 4.260 17.139 L 0 6.687 25.0
D (1545) 6.687 25.0 M 760 0 0
D' 2 ? ? N 1400 0 0
E 1145 2.030 8.790 0 760 0.512 2.337
E' 1152 2.010 8.709 P 723 0.025 0.116
F 1145 6.687 25.0 P’ 738 0.023 0.106
F' 1152 100.0 100.0 Q 0 0 0
G 910 0 0 S 723 0.800 3.615
H 1499 0.080 0.371 S' 738 0.680 3.086
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5 R R A

g

(a) White malleable cast iron

(b) Black malleable cast iron

(c) Pearlite malleable cast iron

Fig. 2.10 Microstructure types of malleable cast iron

Table 2.2 Chemical composition of various cast iron

Malleable cast iron Spheroidal
Elements [~ yypige Black Peardite | Gray cast | "o hite | Cast steel
(%) malleable | malleable | malleable iron cast iron
cast iron | cast iron | cast iron
C 2.8~3.20 2.00~2.90 2.00~2.60 2.50~4.00 2.50~4.50 0.10~0.60
Si 1.11~0.60 1.50~0.90 1.50~1.00 3.00~1.00 4.00~1.20 0.25~0.06
Mn <0.5 <0.4 0.2~1.00 0.5~1.4 0.3~0.8 0.4~1.0
P <0.1 <0.1 <0.1 0.05~0.20 <0.05 <0.05
S <0.3 <0.2 <0.2 <0.2 <0.03 <0.05
etc. - Cr < 0.06 - Mg 0.02~0.07 -
Fe bal. bal. bal. bal. bal. bal.
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Table 2.3 Property of various malleable cast iron

White malleable

Black malleable

Peardlite malleable

Properties cast iron cast iron cast iron
Specific gravity 73 ~ 1.7 72 ~ 174 72 ~ 74
Specific heat o 0.122~0.160
(callg - C) 0.11(0~1007C) (20-100C)  (20-700C) 0.122~0.165
Heat of fusion
23 23 23
(cal/g)
Thermal conductivity
o 0.114 0.151 —
(kcal/cm - s - C)
Coefﬁmen.t of thc_ebrmal 10 ~ 13 10 ~ 13 10 ~ 14
expansion(x107)
Specific resistance 2% ~ 26 2~ 37 2% ~ 37
@& -+ cm)
Tensile strength
(keffmm?) 32 ~ 40 30 ~ 40 40 ~ 70
Proof stress
(kgf/mmz) 16 ~ 25 19 ~ 28 28 ~ 46
Elongation
5~ 15 8 ~ 20 3~ 12
(%)
Hardness 109 ~ 248 109 ~ 145 163 ~ 269
(Hs)
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(a) Pearlite type

(b) Bull's eye structure \

©

Ferrite type

Fig. 2.11 Microstructure types of Spheroidal graphite cast iron

Table 2.4 Property of various cast iron

. & K_:Spliemidal graphite
e Gray High grade | cast iron Malleable | Cast sfeel
cast iron cast iron cast iron | (annealing)
Ferite type |Peatlite type
Tensile strengthe 1224 28~38 42~44 56~74 37~45 42~50
(kg/mm”)
Compressive strength
5 47~100 110~140 140~170 180~200 35~60 38~45
(Kg/mm®)
Yield point 32~38 40~58 20~28 21~24
Elongation
~1 1~3. ~12 ~2
%) 6~15 3.5 3 8~20
Hardness
(Hs) 143~241 170~262 156~197 187~255 110~150 140~180
B
. 7,500 ~ 12,000 ~ 16,300 ~ 17,200 ~ 15,000 ~
Elastic modulus 11,000 14,000 17,200 18,600 17,000 21,000
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Fig. 2.12 Wear rate of cast iron

with surface hardening
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0.115 \ 4.2
3-1 N 3-2 1 , :
0.135 2 -2 » Spheroidal graphite
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IR
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Temperature[ C]
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concentration
3-1,3-2=3.38% 1-1, 1-2=3.47%,

4-1,4-2=4.12%

Fig. 2.13 Thermal conduction rate of cast iron by carbon content
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Fig. 2.14 Schematic illustration of laser surface hardening
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Fig. 2.15 Schematic illustration of single diode laser
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Fig. 2.16 Visualization of focusing of light

from a diode laser stack
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Fig. 2.17 Combination of three laser stacks by aperture fill
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Beam-parameter-product

Fig. 2.20 Output of a typical diode laser
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Table 3.1 Chemical composition of materials

Element(wt%) .
— C Si | Mn P S Alloy element
Material
3.0 1.8 | 0.10 ) .
FCD550 38| ~2.6 1~0.50 ~0.04~0.02|Mg min0.03, Cu min0.02
2.80 | 1.60 | 0.70
HCI350 3301225/ -1.05 ~0.12|~0.12|Mo 0.3~0.6, Cr 0.3~0.6
33 1.6 Mg min0.03, Mo 0.2~0.8, Cr ~0.2,
HD700 | 57| 5| 700 00417002 0.6~1.1, Ni 0.6~1.0
2.80 | 1.50 | 0.60
FC300 33012101 ~1.10 ~0.15|~0.15
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Table 3.2 Specifications of HPDL

Laser type CW diode laser
Maker ERLASER
Model WELD+HARD F4000

Wave length

900~1,030 nm

Peak power

4,000 W

Beam quality

40 mm -+ mrad

Fiber core dia.

400 um

Cooling type

Water cooling

Temperature
Control
system

Fig. 3.1 Experiment setup of laser heat treatment
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Fig. 3.2 Experimental setup for plate position heat treatment
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(a) Illustration of experimental (b) Photo of experimental

Fig. 3.3 Experimental setup for edge position heat treatment
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Beam travelmng direction

(@) Hardened width(W},)
(b Hardened depth(Dy)

(b) Cross section

Fig. 3.4 Sampling of plate position

Beam traveling direction

(a) Sampling method of specimen

(@ Hardened length(Ly)

(b Hardened depth(Dy)

(b) Cross section

Fig. 3.5 Sampling of edge position
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FCD550; v=2mm/sec, Gs : Ar 20{/min
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Fig. 4.1 Hardening characteristics with laser power in v = 2 mm/sec
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FCD550; v=3mm/s, Gs : Ar 20£/min
Photos Surf C .
urrace TOSS Section
PL(kW)
2.5
3.0
3.5
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(a) Surface and cross section
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(b) Hardened width and depth

Fig. 4.2 Hardening characteristics with laser power in v = 3 mm/sec

_61_



FCD550; v=4mm/sec, Gs : Ar 20{/min
Photos .
Surface Cross section
PL(kW)
3.0
3.5
4.0
(a) Surface and cross section
Position .
Hardened width, /(W) Hardened depth, d(Dn)
Graph
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38 | 7 25} |
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Laser power, P, (kW) Laser power, P (kW)
(b) Hardened width and depth
Fig. 4.3 Hardening characteristics with laser power in v = 4 mm/sec
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Temperature, C

FCD550, v = 3mm/sec, Gs : 204 /min
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Fig. 4.5 Variation of surface temperature with laser power
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HD700; v=10mm/sec, G : Ar 20{/min
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Cross section
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Fig. 4.7 Hardening characteristics on edge position of HD700
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Fig. 4.8 Hardness distribution on edg

at traveling speed 10 mm/sec
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HD700, v = 10mm/sec, Gs : 20 ¢ /min
1500
Liquid + r solid solution 3.5kW
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Fig. 4.9 Surface temperature graph with laser power on edge position
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HCI350, v : 3mm/s, Gs : Ar 20 ¢ /min
Photos Surf: C .
P p—— urface Toss section
PL(kW)
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3.5
3.7
Melting
4.0
(a) Surface and cross section
Position .
Graph Hardened width, /(W4) Hardened depth, d(Dn)
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(b) Hardened width and depth
Fig. 4.10 Hardening characteristics of HCI350
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HCI350, PL : 3.7kW, v : 3mm/sec, Gs : Ar 20 ¢ /min

Hardness o .
— Hardness distribution
Position
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Fig. 4.11 Hardness distribution of HCI350
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FC300; v=10mm/sec, Gs : Ar 20{/min

Photos
— Surface Cross section
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(b) Hardened length and depth

Fig. 4.12 Hardening characteristics of FC300
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FC300, P : 3.5kW, v :

10mm/sec, Gs : Ar 20 ¢ /min

Hardness

Position

Hardness distribution
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Fig. 4.13 Hardness distribution of FC300
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HCI350, v = 3mm/sec, Gs : 20 ¢ /min
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Liquid + r solid solution
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Fig. 4.14 Variation
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of surface temperature with laser power of HCI350

_82_



Temperature, 'C

FC300, v = 10mm/sec, Gs : 20 ¢ /min
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Liquid + » solid solution
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Fig. 4.15 Variation of surface temperature graph with laser power of FC300
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FCD550, v : 3mm/s, Gs : Ar 20 ¢ /min

Photos
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Surface

Cross section
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(b) Hardened width and depth
Fig. 4.16 Hardening characteristics of FCD550 by temperature control
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FCD550, Temp. = 1,100C, v = 3mm/sec, Gs : Ar 204 /min

Hardness o .
— Hardness distribution
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Fig. 4.17 Hardness distribution of FCD550 by temperature control
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HD700, v

: 10mm/s, G : Ar

20 ¢ /min
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Fig. 4.18 Hardening characteristics of HD700 by temperature control
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HD700, Temp. = 1,000TC, v = 10mm/sec, Gs : Ar 204 /min

Hardness . . .
Hardness distribution
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Fig. 4.19 Hardness distribution of HD700 by temperature control
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Laser power, P (W)

FCD550, Temp. = 1,100, v = 3mm/sec, Gs : Ar 20 4 /min
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Laser power, P (W)

HD700, Temp. = 1,000, v = 10mm/sec, Gs : Ar 20 ¢ /min
T T T T T
4000 |- -
3500 M i -
| N 1100°C
i \,' ~ \\‘, \’*\_\//‘\\\.“—/\ Vo
A 1000C
3000 - /\\j/\ PR 1
| 950°C
2500 PN
2000 S
O 1 1 1 1 IK
0 2 4 6 8 10

Fig. 4.21 Variation
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of laser power with temperature of HD700
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FCD550, P. : 3.5kW, v : 3mm/s, Gs : Ar 204 /min

%500 x1,000

(a) Base metal

Fig. 4.22 Microstructures in hardened zone of FCD550
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FCD550, P. : 3.5kW, v : 3mm/s, Gs : Ar 204 /min
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(b) Hardened zone

Fig. 4.22 To be continued
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FCD550, P. : 3.5kW, v : 3mm/s, Gs : Ar 204 /min

ADY

%500

(c) Interface between hardened zone and base metal

Fig. 4.22 To be continued
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(a) Base metal (b) Hardened zone (c) Interface

Fig. 4.23 SEM photos of hardened zone on FCD550
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HD700, Pp : 3.0kW, v : 10mm/s, Gs : Ar 20 .4 /min

rdened
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(a) Base metal

Fig. 4.24 Microstructures in hardened zone of HD700
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HD700, Pp : 3.0kW, v :

10mm/s, Gs : Ar 20 ¢ /min
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(b) Hardened zone

Fig. 4.24 To be continued
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(c) Interface between hardened zone and base metal

Fig. 4.24 To be continued
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(a) Base metal

(b) Hardened zone

(c) Interface

Fig. 4.25 SEM photos of hardened zone on HD700
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HCI350, Pp : 3.7kW, v : 3mm/s, Gs : Ar 20 ¢ /min

graphite
e

/

Pearlite

%500 x1,000

(a) Base metal

Fig. 4.26 Microstructures in hardened zone of HCI350
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HCI350, P. : 3.7kW, v :

3mm/s, Gs : Ar 20 ¢ /min

Martensite

~ graphite

x500

x1,000

(b) Hardened zone

Fig. 4.26 To be continued
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HCI350, P. : 3.7kW, v :

3mm/s, Gs : Ar 204 /min
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(c) Interface between hardened zone and base metal

Fig. 4.26 To be continued
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(a) Base metal

(b) Hardened zone

(c) Interface

Fig. 4.27 SEM photos of hardened zone on HCI350
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FC300, P. : 3.5kW, v : 10mm/s, Gs : Ar 207 /min

]

-

Pearlite

(a) Base metal

Fig. 4.28 Microstructures in hardened zone of FC300
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FC300, P. : 3.5kW, v :

10mm/s, Gs : Ar 20 ¢ /min

Martensite

(b) Hardened zone
Fig. 4.28 To be continued
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FC300, P. : 3.5kW, v : 10mm/s, Gs : Ar 20 ¢ /min
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(c) Interface between hardened zone and base metal

Fig. 4.28 To be continued
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(c) Interface

(b) Hardened zone
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Fe
Element | wt% at%
C 11.03_| 3625
Si 1.22 171
Fe Fe 87.75 | 62.03
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C{| Si '
dalaldt |l L Tl bl 1 J I
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(a) Pearlite
o) i
e C
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Fe Si 2.83 441 Si 0.31 0.14
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(b) Ferrite

(c) Graphite

Fig. 4.30 EDS analysis of base metal on FCD550
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Fe

c| Si
i i

Fe

Li

El t| wt% at%
C 10.88 35.65
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SEM image

(a) Hardened zone - martensite
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Fig. 4.31 EDS analysis of hardened zone on FCD550
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