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Fundamental Study of Dry and Semi-Dry Metal Forming

Ryo MATSUMOTO

Abstract

Since metal forming induces high friction and heat generation between the tools and
the work-piece, lubrication is a critically important factor for reducing the forming
pressure and avoiding seizure in many forming processes. Recently, however, it has
become to be considered that many kinds of lubricants are not good for the environment,
and dry metal forming process without lubrication, semi-dry metal forming process by
spraying slight lubricants and non-polluting lubricants are desired to be developed. Dry
metal cutting without lubrication has aready become possible through the recent
development of coating methods for cutting tools, for example, CVD (Chemica Vapor
Deposition) and PVD (Physical Vapor Deposition) processes. If dry metal forming is
realized, the influence to the environment and the cost of manufacturing could be reduced
dramatically. For attaining dry metal forming, it is essentially important to choose
appropriate combinations of coating material of tool surface, work-piece material and
working condition.

In this study, the coefficient of friction was determined with the ring compression test,
in which a ring specimen is compressed between flat parale tools and the friction is
measured through the change of the inner diameter of the ring. This test has been
frequently used for estimating the friction in forging without large expansion of billet
surface. In chapter 2, in order to measure the coefficient of friction accurately in the high
friction range by the ring compression test, an optimum shape of ring specimen is
searched for by using the rigid-plastic finite element simulation (RIPLS-Forge). The ring
specimens having a ratio of outer diameter (Do): inner diameter (do): height (ho) = 6: 3: 2
are usually used. This shape is suitable for measuring the coefficient of friction () lower
than about 0.1, because the deformation of ring is sensitive to the friction in this range.
But this shape is not suitable for higher coefficients of friction as dry metal forming. The
sensitivity of the shape change to the coefficients of friction and the limiting reduction (the
reduction in height at which the hole of the ring diminishes under extremely high friction
1= 1.0) were evaluated for various ring shapes. A new ring shape was determined to be



Do: do: ho=3: 1: 1 for measuring the coefficient of friction higher than 0.1. The sensitivity
of this shape is about 2.5 times as great as that of the current shape, but the limiting
reduction decreases from 60% to 40%.

In chapter 3, by using the determined specimen shape for the high friction range, the
frictional behaviour of some working metals dliding over the tool surfaces without
lubricant is studied. The work-piece materials are pure aluminum (A1050), pure copper
(C1020) and carbon steel (45C). As for tool surfaces, the cemented tungsten carbide
(WC) tools are coated with TiC, TiN, TiCN, TiAIN and DLC (Diamond Like Carbon) by
CVD or PVD process.

Except for DLC, the coated material does not give influence to the coefficient of
friction significantly. It is found that DLC coated tool is effective to reduce the friction
with aluminum billet, but it is not good for copper billet. In the case of compressing
aluminum billets at room temperature with DLC coated tool, the coefficient of friction
decreases as the reduction in height increases. On the other hand, when WC tool without
coating is used, the friction decreases with the reduction in height, but it increases again at
higher reductions. In the case of compression of heated work-pieces at 200°C with the
tools kept at room temperature, DLC coated tool gives a low coefficient of friction
irrespective of the reduction in height, but WC tool exhibits monotonous increase in
friction with the reduction in height.

The coefficient of friction increases linearly with roughness of the tool surface
irrespective of the coated material. The roughness of the tool surface is an essentially
important factor in dry metal forming and it is necessary to polish the tool surface to a
mirror surface. It is confirmed through the FEM simulation results that the nominal
coefficient of friction in ring compression is significantly changed by the inclination angle
of the roughness curve of the tool surface. It is shown that the roughness of the
work-pieces after compression without lubrication depends on the roughness of tool and it
increases when aliquid lubricant is used.

Frictional behaviour under semi-dry condition is measured with the ring compression
test in chapter 4. A small quantity of mist lubricant (less than 3.0g/m?) is sprayed onto WC
tool surfaces by mist spraying system for metal cutting, and the aluminum billets are
compressed at room temperature and 200°C. It is found that spraying a small quantity of
lubricant (0.50g/m?) is effective in reducing the friction in comparison with that for

compression without lubrication. The coefficient of friction with the aluminum billet —



WC tool under semi-dry condition (0.25 —0.50g/m? mist lubricant) is as low as the
aluminum billet — DLC coated tool under dry condition. On the other hand, the roughness
of the work-pieces after compression increases as the quantity of the trapped lubricant
increases and becomes R, = 0.20 — 1.0um which is of the same order as the lubricant film
thickness. Furthermore, surface profiles of the aluminum billet after upsetting is measured,
and the behaviour of the trapped mist lubricant during upsetting is discussed.

Since magnesium alloys have smaller impact to the environment, magnesium alloys
are increasingly used for lightweight structural and functional parts in automotive and
electronic industries. The magnesium alloys have an advantage of the lowest density
among the practically used metals and have high specific strength and electromagnetic
interference shielding capability. Die casting and thixoforming are commonly used
methods for mass production of magnesium aloy parts. Since liquid magnesium alloys are
flammable, it is desirable to produce magnesium alloy parts by forging. The strength and
toughness of the forged products are higher than those of the cast ones.

Magnesium alloys are brittle at room temperature and cannot be forged at room
temperature, but are possible to be forged at the temperatures higher than 200°C, and
heavy oxidation of billet takes place at the temperatures higher than 400°C. The
forgeability and frictional property of magnesium alloy has not been examined yet. Since
the magnesium aloys do not adhere to the tool surfaces during several forgings without
lubrication, warm forging of magnesium alloy may be possible without lubrication or with
only simple lubrication.

In order to realize precision forging of magnesium alloys, the frictional behaviour of
wrought magnesium alloy ZK60 (Mg—6%2Zn-0.5%Zr) is studied in chapter 5. At room
temperature, the friction test of ZK60 sliding over the surfaces of WC tool and coated with
TiC+TiCN+TiN and DLC is carried out. It is found that the DLC coated film is effective
to keep the coefficient of friction as low as 0.10, and results a low rate of adhesion with
magnesium alloy. For warm forging, ring compression tests are carried out at temperatures
from 200°C to 300°C under dry and thin film lubricating conditions. When WC tools are
used without lubrication, the coefficient of friction for ZK60 is between 0.25 and 0.35. In
ring compression test, DL C coating on tool surface causes alow friction with ZK60 under
dry condition.

It is also examined the lubrication in warm forging of magnesium aloy, and several

liquid lubricants are applied onto the tool surfaces by controlling the film thickness. When



the lubricant film is 0.50um thickness, the coefficient of friction for ZK60 decreases from
0.35 to 0.10. It is considered that although the friction of magnesium alloy in warm
forging is high under dry condition, appropriate tool coating and low amount of lubricant
will reduce the friction effectively.

In chapter 6, a new warm forging method of magnesium aloy is proposed by taking
its material properties into consideration. Since the ductility of magnesium aloy islow at
room temperature, the forming operation is conducted at elevated temperatures. When a
magnesium billet is heated, it is important to avoid its temperature drop before forging,
because magnesium alloy has a high thermal conductivity and a low thermal capacity. To
solve this problem, the magnesium billet is sandwiched between high temperature tools
and is heated up to the tool temperature by heat transfer from the high temperature tools.
Since the flow stress of the magnesium alloy exhibits significant work softening, a high
peak of load tends to appear at the beginning of the forging process. In order to reduce the
peak forming load, the billet shape is so chosen that initial straining is caused without
restraining the flow in the early stage of the process and then die filling is attained with a
low flow stress. In this study, the proposed warm forging method is confirmed to be valid
by the finite element simulation and the experiment using a servo controlled press.

Finally, the concluding remarks for the present study are given in chapter 7.
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(a) Before compression
Fig. 2.2 Shape change of ring specimen in ring compression test
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(b) An/h,= 20%

Fig. 2.4 Finite element model for ring compression

Table2.1 Calculating condition of ring compression

Initial ring specimen

Outer diameter Do /mm | 20-75

Inner diameter do /mm | 15

Height hg /mm 5-75
Flow stress o /MPa 1
Number of element 200-500
Coefficient of friction u 0-1.0

Reduction in height 4h/ho /% 0-70

Reduction in height per deformation step /% 14

Tool speed /mm-s™

150
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currently used shape (Do: do: ho = 6: 3: 2) and newly determined shape (Do:

do: hp = 3: 1: 1) of specimens

25.2

1=0.20
Ahlhg = 42%

Table 2.1
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311 Do dy hg=6:3:2

'v 300 — Current shape (Dy: dg: hy = 6: 3: 2)
hy = 5.0mm
€ 250 [~ h/h, = 42%

‘jh

Ring specimen
'v 300 — New shape (Dy: dg: hg = 3: 1: 1)

hy = 5.0mm
€ 250 — h/h, = 42%

O |
Tl
F i

Fig. 211 Sliding velocity of currently used shape (Do: do: ho = 6: 3: 2) and newly
determined shape (Do: do: hp = 3: 1: 1) of specimens (FEM)

Do do hp=3:1:1
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[1,2] [34]

[5.6]
[7]
TiC TiN
CvD PVD
[8,9]
[10,11]
CvD PVD
TiC TiN TIC+TiCN+TiN TiAIN DLC
A1050 C1020 0.45% HA5C
Do do ho =311 Do =21.0mm do =7.0mm ho =7.0mm
R, = 1.0um
Fig. 3.1
10mm
WC 85% Co 15% Ra = 0.02um
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CvD PVD

TiC TiN TIC+TiCN+TiN TiAIN 20 7.0um

TiIC+TiCN+TIiN TiC TiCN TiN
TiN 4 Ra=
0.03 0.18um R, =0.02um

DLC Diamond Like Carbon CvD 0.04um
Ra = 0.02um Table 3.1
6
Table 3.2

Fig. 3.1 Ring specimen

Table 3.1 Characteristic of tool coating materials

Tool coating ) Roughness of | Thickness of coated
_ Coating method _

material tool Ry /um material /um

TiC CvD 0.02, 0.03 5.0-7.0

TiN PVD 0.02, 0.05 2.0-4.5

TIC+TiCN+TiN | CVD 0.02, 0.13 4.0-7.0

TiAIN PVD 0.02,0.18 2.0-4.5

DLC Plasma CVD 0.02 0.04

-30-



Table 3.2 Experimental condition of ring compression test

Specimen material

Pure aluminum (A1050), Pure copper
(C1020), 0.45% carbon steel (S45C)

Ring specimen size
outer diameter: inner diameter:

height /mm

Do: do: hg =21.0: 7.0: 7.0

Roughness of specimen R, /um

S45C: 1.0 Al, Cu: 0.5

Heating atmosphere

(for oxidation)

For thick scale: air

For slight scale: argon

Heating time in furnace /s

360

Forming temperature /°C

Room temp., 200, 1000

Forming atmosphere

Air

Reduction in height ah/hg /%

10-60

Base tool material

Cemented tungsten carbide
(WC: 85%, Co: 15%)

Tool coating material

TiC, TiN, TIC+TiCN+TiN, TiAIN
DLC (Diamond Like Carbon)

Roughness of tool R, /um

0.02-0.18

Thickness of coated material /um | 0.04-7.0
Tool temperature /°C Room temp.
Compression speed /mm-s* 150
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45C
A1050 C1020 R, = 1.0um
R. = 0.02um
Ahlhg = 35% Fig.
3.2

DLC TiC TiN TIiC+TiCN+TiN TiAIN
DLC

DLC

mWC

TiC

TiN

m TiC+TiCN+TIiN
TIAIN

ODLC

Al

Cu

Specimen material

Tool surface roughness
R, =0.02um

Ah/hy = 35%

0O 0.02 0.04 0.06 0.08 0.10 0.12
Coefficient of friction u

Fig. 3.2 Effect of tool coating material on coefficient of friction at room temperature
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DLC

DLC
Fig. 3.3
DLC
Ah/hy = 40%
200°C
DLC
Fig. 3.4
200°C
DLC
200°C
200°C
0.35
—@— Al(20°C)-WC
' —— Al(200°C)-WC
S o5 | Al200°C)-DLC
27 Tool roughness
kS R, = 0.02um
+ 0.20 —
'S
$0.15—
S ~e
20101~ M
(@]
O
0.05—
| | | | |

0 10 20 30 40 50 60
Reduction in height 4h/h, /%

Fig. 3.3 Effect of reduction in height on coefficient of friction for aluminum billet
dliding over WC tool and DL C coating
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300

g —@— Al(20°C)-WC
= —O— AI(20°C)-DLC
o 250 ——m— AI(200°C)-WC
= —{— AI(200°C)-DLC
® 200 |— Tool roughness

5 R, = 0.02um

(@]

= 150 —

(@]

©

£

S 100 |—

=

5

E 50—

&

= I I I I I

0 10 20 30 40 50 60
Reduction in height Ah/hg /%

Fig. 3.4 Maximum contacting pressure in ring compression of aluminum billet with WC
and DL C coated tools

DLC
DLC

3.4.1

A5C
Fig. 3.5
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Fig. 3.5(a) Fig. 3.6
0.12mm

1000°C

(a) Thick scale (0.12mm) (b) Slight scale heated
heated in air in argon

Fig. 3.5 0.45% carbon steel specimen with slight and thick scale

Oxide layer Carbon steel

100

Fe
75— Fe

S

- m
S

2 50— O

1) W
C

(@]

@)

25—

L L L °

0 0.05 0.10 0.15 0.20
Distance from surface /mm

Fig. 3.6 Chemical composition of oxide layer on 0.45% carbon steel billet
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3.4.2
1000°C
Fig. 3.7

[12-14]

wcC

(R, = 0.02um)
TiC

(R, = 0.03um)
TiN

(R; = 0.05um)

TiIC+TICN+TiN
(R; = 0.13um)

TiAIN
(R, = 0.18um)

Il With slight scale
(Ar)

] with thick scale
(0.22mm)

Tool material

i

I I I I
0 0.050.10 0.15 0.20 0.25 0.30 0.35
Coefficient of friction u

Fig. 3.7 Effect of oxide layer over carbon steel billet on coefficient of friction in hot

forging with WC and coated tools
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1000°C

Fig. 3.8

u = 010
u#=0.18 0.12mm 1=0.25

wWC ;_I
(R, = 0.02um) [[] Noscale

(as machined)

TiC
(R, = 0.03um) ——| B With slight scale

(An)

TiN . _
(R, = 0.05um) ——| ] with thick scale
, , : (0.12mm)
TIC+TICN+TIN
(R; = 0.13um)
TIAIN —_I
(R, = 0.18um)

0 0.05 0.10 0.15 0.20 0.25 0.30
Coefficient of friction u

Fig. 3.8 Effect of oxide layer over carbon steel hillet on coefficient of friction in cold

Tool material

forging with WC and coated tools
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3.5.1

A1050 C1020 R.=0.02
0.18um
Fig. 3.9 DLC
0.150 :
® Al M Cu |
O A-DLC O cCu-DLC
< 0125 (aning = 45%)  (ahih, = 35%)
c || | ' |
o |
< 0.100 ® |
2 n |
5 | |
© 0.075Q | | N
o ! | !
S L ! |
£ 0.050— R TiC+TiC{\IAJ:rTiN |
o WC, DLC TIAIN
O e |
| TIiC | |
o | |
I A
0 005 010 0.15  0.20

Tool roughness R, /um
Fig. 3.9 Effect of tool roughness on coefficient of friction at room temperature
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3.5.2

Fig. 3.10
(A) (D) 4
5
Ry = 100pm R, = 25um
100 1000
1/100 1/1000
[Flat tool
2.8°
Model (A) — ! 0.1mm
4.0mm
5.7°
Model (B) . [
Tool < B) k N R 0-1mm
| 2.0mm
110
!_._ 1.0mm
22°

Ring specimen \Model (D) /\MM/\AFZ 0.1mm

0.5mm

Fig. 3.10 Surface roughness model for FEM simulation of ring compression
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3.5.3

& =1MPa #=0.10
AWho De
‘ ” Fig. 3.11 Ah/hg = 20%

Ahlhg = 20%

10 20um

o
w
o

Model (D)

o

N

ol
+
\\\
/7

J

o
H8)
o

0.15

0.10

Flat tool Model (A)

0.05—

Nominal coefficient of friction u

I I (N I
0O 10 20 30 40 50 60 70 80
Reduction in height 4h/h, /%

Fig. 3.11 Nomina coefficient of friction estimated in ring compression by serrated tool

when constant coefficient of friction (« = 0.10) is assumed for sliding between

tool and billet surfaces
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3.6.1

WC 91 93% Co

4 6%
R, =
0.16um DLC R. = 0.14
0.16um R, =0.02 0.05um DLC
R, =0.02um
A1050 Fig. 3.12
Ve =9.24m/min Vi = 0.014m/min
Fp Ft y7,
u=FFp (3.1)
Table 3.3

Rotating velocity of tool V,  Work-piece

Chuck

Cultting tool

Dynamometer

Feed velocity V; :

Thrust force F,
Principle force F,

Fig. 3.12 Cuitting test for aluminum pipe
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Table 3.3 Experimental condition for cutting test

Work-piece

Pure aluminum (A1050)

Work-piece diameter /mm

Outer diameter D = 45

Inner diameter d = 39

Base tool material

Cemented tungsten carbide
(WC: 91-93%, Co: 4-6%)

Tool coating material

TiC (CVD), TiN (PVD),
TiIC+TICN+TIiN (CVD), TIAIN (PVD),
DLC (Plasma CVD)

Roughness of tool R, /um 0.02-0.16
Cutting velocity V. /m-min™ 9.24
Feed velocity Vi /m-min™ 0.014
Rotating velocity of tool V; /rpm | 440
Work-piece temperature /°C Room temp.
Tool temperature /°C Room temp.
3.6.2
Fig. 3.13 u=10
#=010 0.30
DLC R, =0.02um
R.=0.14 0.16um
R, = 0.02 0.05um 351
DLC
6m Fig. 3.14
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4.5mm
DLC
TiC TiN TiC+TiCN+TiN TiAIN

N
[

N
o

n
o
n
o

=
&
=
&

o !
&)

R,=0.16um
I A I N

o !
o

Coefficient of friction u
=
o

Coefficient of friction u
=
o

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Cutting distance /m Cutting distance /m
() WC tool (b) TiC coated tool
3 3
2.5 25
c c
o R, = 0.16um ) o
g 20 PRI =Y g 20
E 15 | \ E 15§
o i - o '
‘5 0.5 ‘5 0.5
b= | b=
[} Qo
8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7
Cutting distance /m Cutting distance /m
(c) TiN coated tool (d) TIC+TiCN+TiN coated tool
3 3
< 2.5 < 2.5
3 2.0 15 2.0
=15 =15
o B (@)
= 1.0 =10 :
g 05 % 05 R, = 0.02pm
£ T Y I £ I Y I
3 0 1 2 3 4 5 6 7 § 0 1 2 3 4 5 6 7
Cutting distance /m Cutting distance /m
(e) TiAIN coated tool (f) DLC coated tool

Fig. 3.13 Measured coefficient of friction in dry cutting of aluminum aloy with coated

tools
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WC (R, = 0.16um) Cutting tool
tic (Ra=0.16um)
(R, = 0.05um)

(R, = 0.16pm)

TN (R” = 0.02um)

nitial roughness)

[
-
O

(R, = 0.05um)

: + 0
=TicN (Ra= 0-16um)__I 3

E +TiN

Sran(eTOL
£ TIAIN (R, = 0.05um) Built-up edge

w

(0]

S DLC (R, = 0.02um)
I

0

1.0

2.0 3.0 4.0

Built—up edge WxL /mm?

Fig. 3.14 Built-up edge area on coated tools for metal cutting

3.6.3

Fp  25kgf

10 20MPa

100 250MPa

10 20mm?



1)

2)

3)

4)

5)

DLC

DLC

TiIC TiN TIC+TiCN+TIN TiAIN

R, = 0.02um
SA5C u =010 012
1=02
DLC
TiC TiN TiC+TiCN+TiN TiAIN
DLC
DLC
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[1]

[2.3]

[4,5]
[6,7]
MQL Minima Quantity Lubricants [8,9]
I/h MQL
10ml/h
0.25 10%
[10]
4.2.1
Fig. 4.1
1.6mi/h 0.1MPa
110mm 30°
60mm
70Wt% 12 13
30wWt% 27.7 mm?s (40°C) p = 885kg/m°
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5 40g/m?

0.1g/m?
Lubricant
N
Sy Mixer for lubricant and air
o
(O]
)]
[72]
O =
£ 5]
S
@]
@)
Compressor
Ve —
Tools Lubricant+Air
(diameter: 60mm)
Fig. 4.1 Apparatusfor mist lubricant spraying system
4272
60mm
35mm
35mm
Fig. 4.2
BTB
Fig. 4.3
Fig. 4.4
35mm
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0 75 0 2.55g/m? 8

25%

Mist lubricant l(
P

¢35mm Nozzle
<>

Tool

Blue BTB examination paper
(lubricated area: yellow)

Fig. 4.2 Measuring method for weight of sprayed lubricant and lubricated area on tool

surface
3.5 100 ¢
® Weight of lubricant 90 ®
€ 3.0 | m Ratio of lubricated area L &
: 80 <
= | @ 7
g 2.5 70 g
-Q\l o
e 2.0 60
TS 50 @
O~ &)
neglS— 40 ©
S5 3
=10 30 5
.9% 20 ©
(] =
2= <S05 =
10 %
I 0.0
0 10 20 30 40 50 60 70 80 90 §

Spraying time /s
Fig. 4.3 Relationship between weight of sprayed lubricant on tool surface and spraying

time
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¢ = 35mm

(@ 3s (b) 5s

(d) 30s (e) 45s

Fig. 4.4 Sprayed lubricant on BTB examination paper fixed on tool surface
(diameter of BTB examination paper: 35mm)

431
A1050
Do do ho=3: 1:
1 Do=21.0mm do=7.0mm hy=7.0mm
R,=0.30 0.60um
WC 85% Co 15% R, = 0.02um
60tonf 150mm/s

200°C
Ah/hg=10 30 50%
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4.3.2

Fig. 45
p=0.14 023 200°C un=0.20
200°C n=0.10
0.5g/m?
1 =0.08
Fig. 4.6
200°C
50%
0.5g/m?
0.5g/m?
0.5g/m?
0.35
5 Ah/h
0.30 — ‘\‘ Al temp_ 30% 50%
1 v[| Roomtemp. —@— —l—
[ 0 25 | | ZOOOC _O_ _D_
o \
o Specimen: A1050
<= 0.20 —O\ . Tool: WC (room temp.)
© A\ Lubricant: alcohol (mist)
£0.15 4 [N
S -
© 0.10 —
(@]
@)
0.05
0 I1 | |||||||I0 L Lo
Dry 10 10

W eight of lubricant /g-m_2

0.5g/m?

0.5g/m?

Fig. 45 Effect of weight of sprayed lubricant on coefficient of friction in ring
compression test of aluminum billet at room temperature and 200°C
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250

n 4h/hg
Al temp. 30% 50%
200 4| Room temp. —@— —l—

\,200°C —Oo— -

\
\
\

100 & %

Specimen: A1050

Maximum contacting pressure /MPa
o
o
I

S0 | Tool: WC (room temp.)
Lubricant: alcohol (mist)
0 I I W 1T AT
Dry 107 10° 10"

W eight of lubricant /g-m_2
Fig. 4.6 Effect of weight of sprayed lubricant on maximum contacting pressure when
aluminum ring specimen is compressed with WC tools

44.1

Fig. 4.7

0 75 t 0 2.9um

t, =337,uR?/P, /m (4.1)
[11] o[ Pa-s) u[m/s]
R[m] PolPa] o
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245mPa;s u=150mm/s R=105mm Pgy=150MPa

te 4.3um

16 °

14 —
E $
()]
g0 @
c
S
= 8 L
c 6 ® Maximum thickness
L O Average thickness
s 4 )
-l

2
[ I I

O 10 20 30 40 50 60 70 80 90
Spraying time /s

Fig. 4.7 Maximum and average lubricant thickness estimated from weight of sprayed
[ubricant on tool and lubricated area of tool

4.4.2

Fig. 4.8 100

20

0.1um
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tlum]

!

< /um
vimi]
v[ml] V' [mi]
gmm?] 4.4.1
t=025 2.0um
200°C
Fig. 49 4.10
0.5g/m?
Ahlhg = 50%
Fig. 4.11
0.5um
Mixture Evaporation of
(benzine+lubricant) benzine
Thin lubricant film:
A
‘ ®
TOOl i\ ' HH :
(1) Before application of mixture (2) After evaporation of benzine

Fig. 4.8 Method of depositing thin lubricant layer on tools
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Thickness of lubricant film t /um

-1 0 1

10 10 10
0.35 O[T T T T 1T
Ah/h
030/— Y Altemp.  30% 50%
3 \ Room temp. —&— ——
5025 | “200°C —O0— {1
8 B.| . Specimen: A1050
= 0.20— X Tool: WC (room temp.)
S AN ‘Lubricant: alcohol (film)
S 0.15 AR
8 o \\\\\\D
5 0.10 %
(@]
@]
0.05 |—
0 [ N T R
Dry 107" 10° 10"

W eight of lubricant /g-m_2
Fig. 4.9 Measured coefficients of friction for aluminum billet with thin lubricant film

Thickness of lubricant film t /um

107" 10° 10

250 T T TTIm T TTTT0]
Ahih,

Al temp. 30% 50%

. Roomtemp._ @ @

*.200°C o0 I

1

N
200 —H. |°

H

al

o
I

100 — -

Specimen: A1050
Tool: WC (room temp.)
Thin film lubrication

Dry 107" 10° 10
W eight of lubricant /g-m_2

a
o
I

Maximum contacting pressure /MPa

o

1

Fig. 410 Maximum contacting pressure for auminum billet with thin lubricant film in

ring compression test
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Thickness of lubricant filmt /um

107 10° 10

[T T 1Ty T T 11T
Al temp. Film Mist

Room temp.—@— —l—
|200°C —O— {1+

Ah/h, = 50%

1

N
o

=
o

o
ol

Roughness of specimen R, /um
H
o

0

1

Dry 107 10 10

W eight of lubricant /g-m_2
Fig. 411 Effect of thin lubricant on roughness of aluminum specimen after ring

compression test

4.4.3
Fig. 4.12

t=1.0um 10%
Ah/ho = 10% 95MPa
4=0.10 4= 0.069
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Ah/hg = 30  50% 110 130MPa

1.0um
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Ra = 0.54um  \UWAMAUMMAMMMAMAMI MMM

‘%EI_I
0.5mm

(a) Before compression (milling)

Dry

(R; = 0.31um)
Mist

(R; = 0.49um)
Film

(R; = 0.77um)

(b) Ah/h, = 10%

Dry

(R, = 0.03um)
Mist

(R, = 1.34um)
Film

(R, = 0.76um)

() ah/h, = 30%

Dry Tt S—— -

(R, = 0.03um)
Mist

(R, = 0.75um)
Film

(R, = 0.50um)

(d) ah/hy, = 50%
Fig. 4.12 Surface profiles of aluminum billet after compression with flat WC tools at

room temperature (thickness of lubricant filmt = 1.0um)
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45.1

t = 050 1.0um 27.7
25000mm?/s  40°C
Fig. 4.13 8500mm?/s 25000mm?/s
p = 902kg/m® 10°
0.03
30mm?/s
0.12
Ah/hg = 50%
Specimen: A1050 t = 0.5um
0.10 — (room temp.)
Ny
5
= 0.08
o
50.06
C
k)
é 0.04 — Film thickness t
§ 0.50pm 1.0pum
| Alcohol L O
0.02 Polybutene W 0
0 Coond ol e

3 4 5

0 1

100 10° 10° 10* 10
Kinetic viscosity of lubricant /mnt-s

Fig. 4.13 Effect of kinetic viscosity of lubricant on friction coefficient of aluminum

10

billet under thin lubricant condition
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n=n,exp(-aAT) (a

(4.3)

p 40°C Mo
1, = b, (b ) (4.9)
AT
Ki Ko
AT t v
2
N = (K, + K,)AT (4.5)
40°C
no = 24.5mPa:S 100°C 7 = 3.17mPa:S Eq. (4.3 a=
3.41x107 v=010m/s t=0.10um K;=K,=5kW/(m>K) b=100 500
Eq. (4.3) (4.5 AT = 10 30°C 04 07
40°C 15y = 22.6PaS 100°C 7 =
0.632Pa:S AT=  100°C 3x10°
PVD
1.0 4.5um TiAIN DLC
Ra = 0.02um 421
200°C
Ah/hy = 50% Fig. 4.14
t=0.2um

DLC

t=025 0.50um
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Average thickness of lubricant filmt /um

1

107" 10° 10
O3S TT T TTIImr T T TTTTm
0.30 |- \ | Specimen: A1050 (200°C)
: \ || Tool: room temp.
3 Q\' Tool roughness: R, = 0.02um
© 0.25—"\ Lubricant: alcohol
3 \J| 4h/hg = 50%
=020 | —e—WC
o —L—TiAIN coated
.5 0.15 — \“ —/— DLC coated
= Al
2010 |-
@)
0.05 —
0 I I O N N T ANl
Dry 107 10° 10

Fig. 4.14 Effect of tool coating material on coefficient of friction under mist lubrication

W eight of lubricant /g-m_2

0.1
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[1]

[2,3] MD

[4,9]
SFs
[6-8]
Ogawa
Fig. 5.1 [9]
Cross section
= ey
s 1
4
Extrusion ratio 10.26 1.80 3.70 10.26
Wall thickness  0.60mm 4.00mm 1.75mm 0.60mm

Fig. 5.1 Extruded magnesium (ZK60) billets in backward extrusion on mechanical press
without lubrication (forging temperature: 300°C, bottom thickness of cups:
1.0mm)



ZK60

ZK60 Table 5.1 330MPa

280M Pa 15%

WC 85% Co 15% 60mm
8mm Ra = 0.02um
CvD TiC+TiCN+TiN 4.0 um
Ra=0.02um DLC Diamond

Like Carbon CvD 0.04um PVD

1.0um R, = 0.02um

Table5.1 Chemical compositions of magnesium alloy (ZK60) (wt%)
Zn Zr Others Mg
Max. 6.2 - 0.3 Bal.
Min. 4.8 0.45 -
5.3.1
Fig. 5.2
100N
F N
U
u=FIN (5.1)
1.0mm
30 Vs = 115mm/s
Vs = 40mm/s 150
Vs = 115mm/s Table 5.2
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Rotating velocity of tool V, Tool Tool chuck

ZK60 specimen
Dynamometer - .
y Sliding trajectory for
ZK60 specimen
_—
Feed velocity V;

Contacting force N ontacting force N
Frictional force F Frictional force F
(a) Feed (b) Non feed

Fig. 5.2 Sliding test on lathe

Table5.2 Experimental condition for dliding test

Work-piece ZK60 (Mg-6%2Zn-0.5%7Zr)

Diameter of contacting area /mm | 1.0

Cemented tungsten carbide
(WC: 85%, Co: 15%)

Base tool material

Tool coating material TIC+TICN+TiN (CVD), DLC (Plasma CVD)
Roughness of tool R, /um 0.02

Sliding velocity Vs /mm-s™ 40-115

Feed velocity Vi /mm-s™ 0.42

Rotating velocity of tool Vi /rpm | 56

Contacting force N /kgf 10

Work-piece temperature /°C Room temp., 100

Tool temperature /°C Room temp.
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5.3.2
ZK60

DLC

4=0.10

ZK60

t=

220MPa

1.7um

ZK60
5

Vi = 0.42mm/s
CVvD 0.04um
u=0.10
100°C
65°C
97wt% 3wt%
4472
ZK60
450°C 20
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Dry condition
WE tool —
ZK60:
Il Room temp.
TiC+TIiCN+TiN [ ] Heated 100°C
coated tool Tool: room temp.
DLC —
coated tool
Lubricated
WC tool | (room temp.)
| | |

0 0.05 0.10 0.15 0.20
Coefficient of friction u

Fig. 5.3 Coefficients of friction of ZK60 dliding spirally on surfaces of WC and coated
tools (Ra = 0.02um)

Room temp. Il Without oxide
[ 1 with oxide
W to —
coated tool

0 0.05 0.10 0.15 0.20
Coefficient of friction u

Fig. 5.4 Effect of oxide layer of ZK60 on friction with WC and coated tools under dry
condition at room temperature
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5.3.3

ZK60
Fig. 5.5 ZK60 15m 120
4#=0.10
TiIC+TiCN+TiCN u = 0.30
DLC u= 010
Fig. 56 5.7
TiC+TiCN+TiN
TiC+TiCN+TiN
DLC
0.1
DLC
0.5
ZK60-W C tool
ZK60-TiC+TIiCN+TiN
3 04— coated tool ‘
C
8 I
0
©
1<
Q
0
o
(@]
©)]
0 5 10 15

Sliding distance /m
Fig. 5.5 Change of coefficients of friction for ZK60 with sliding distance for WC and

coated surfaces (R, = 0.02um)
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Mg sliding trajectory Mg sliding trajectory Mg sliding trajectory

)

(a) WC toal (b) TIC+TICN+TIN (c) DLC coated tool
coated tool

Fig. 5.6 Tool surface after concentric sliding test of ZK60 at room temperature

ZK60 contacting part ZK60 contacting part

D D

I I I I
R, = 1.0um R, = 0.90um
(a) WC tool (b) TIC+TICN+TiN coated tool

ZK60 contacting part

E o Aropss o
1| !
—

0.5mm R, = 0.30um
(c) DLC coated tool
Fig. 5.7 Tool surface profiles contacting part after concentric siding test of ZK60 at

room temperature (initia tool surface R, = 0.30um)
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5.3.4

Bowden
PICAMC I°C (5.2)
ma 2hk,a
[10] i N Vs
a k h 1 ZK60
2 a
yo, c
ye k/pc) 53)
ki /(0.6)+ Ky /(p5C,)
0.5mm
P Y
P=3Y (5.4)
[11] ZK60 260MPa
Eq. (5.4) P=780MPa N
= 100N
P= N/(ma?) (5.5)
a=0.20mm
ZK60 [12] ky = 121W/(m-K) p1 = 1.83x10%kg/m® ¢, =

1.10x10°¥(kg-K) ko = 7AW/(M-K)  pp = 1.41x10°%kg/m® ¢, = 2.30x10%J/(kg-K)
N=100N Vs=115mm/s

6.4.2 h = 2.0x10%W/(m?K) Fig. 5.5
41=0.10 4 =030 Eq. (5.2)
(5.3) AT=  135°C AT= 400°C
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60tonf

DLC PVD
150 300°C
200°C
Fig. 5.8 ZK60
ZK60 200°C
Ah/ho = 20%
250°C 150 ZK60
Fig. 5.9
4= 025 035
[9]
0.1
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ZK60
1.0um
10
200°C

ZK60

300°C 100°C

250 300°C

450°C 9

100



250

Specimen: ZK60

Tool: WC
200 - AN © © © No crack
9 N O No crack at less than
o Anhhg = 50%
2 150 [~ L SENC) © /\ No crack at less than
5 \ Ahlhy = 20%
o \
\
g 100 — X ><\\ © X Crack
©
o
l—

Boundary line \
50— of cracking \

>< \
0 | (9
150 200 250 300 350
Magnesium temperature /°C

Fig. 5.8 Relationship between shape of compressed ZK60 ring billet and forging

temperature

1.0 —

0.9 — Dry condition
5 08—
c
207
L 0.6 With oxide ZK60 temp. /°C
- —— —0O—300
205 —8— —{1—250
S —h— 200
© 0.3
O
©o0.2

0.1 Without oxide

I I I I I

0 10 20 30 40 50 60
Reduction in height /%

Fig. 5.9 Effect of oxide layer of ZK60 on friction under dry condition at temperatures
from 200°C to 300°C
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533

Fig. 5.10

380MPa

0.40
0.35

7
o
()
o

0.25
0.20
0.15

Coefficient of friction

©
[EEN
o

0.05

0

DLC

100°C ZK60 300°C

— Tool: 100°C

DLC
Ahlhy = 60%
DLC Fig. 5.11
DLC
ZK60: 300°C

— —@— WC

—l— TiC+TiCN+TiN coated

— —&— DLC coated

10 20 30 40 50
Reduction in height Ah/hg /%

60

Fig. 5.10 Effect of tool coating material on friction in ring compression

Abrasion of
— DLC coating

Fig. 5.11 Abrasion of DLC coating on tool surface by compressing of ZK60 at Ah/hg =

60% (contacting pressure: 380M Pa)
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5.5.1

200 400°C
300°C
250°C
5.5.2
4
30 mm?/s Table5.3
442 t=025 2.0um
Table 5.3 Lubricants for evaluation of warm forging of magnesium alloys
Lubricant Constituent
Mineral oil Mineral oil: 100wt%
Mineral oil: 70wt%, Alcohol (C13H270OH): 18wt%,
Alcohol
Alcohol (C12H25OH)Z 12wt%
Ester Mineral oil: 70wt%, Ester: 30wt%

Phosphor EP

Mineral oil: 97wt%,

Phosphor extreme pressure additive: 3wt%

Sulfur EP

Mineral oil: 95wt%,

Sulfur extreme pressure additive: 5wt%

MoS,

MoS,: 1wt%, Grease: 99wt%
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5.5.3
Fig. 5.12

t=0.25um

Fig. 5.13

t=0.25um

ZK60 Fig. 5.14
ZK60

ZK60

0.4

—@— Mineral oll
—l— Alcohol
Ester
—4— Phosphorus EP
—w¥— Sulfur EP
—O— 1% MoS,+grease

o
w

Coefficient of friction u
o
N
I

o
|
I

ZK60: 300°C 4h/h, = 50%
W C tool: room temp.

0 0.5 1.0 1.5 2.0
Thickness of lubricant filmt /um

Fig. 5.12 Measurement of coefficients of friction in compression of ZK60 billet with

thin lubricant film
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350

Specimen: ZK60 (300°C)
Tool: WC (room temp.)
Ah/hg = 50%

w
o
o

250 —

200 —

150 — —@&— Mineral oil
—l— Alcohol

100 |— —A— Ester

—<&— Phosphor EP
—w¥— Sulfur EP
—O— 1% MoS,+grease

0 0.5 1.0 15 2.0
Thickness of lubricant film t /um

A
o
I

Maximum contacting pressure /MPa

Fig. 5.13 Relationship between maximum contacting pressure and thickness of lubricant

film in ring compression

=
ol

ZK60 (300°C) 4h/hy = 50%

W C tool (room temp.)

—@— Mineral oil —w— Sulfur EP

—l— Alcohol —>—1% MoS,

| —A—Ester +grease
—<&— Phosphor

EP
Init’i}al specimen/v/'

=
o

Roughness of specimenR, /um
o
o1

0 0.5 1.0 15 2.0
Thickness of lubricant film t /um

Fig. 5.14 Relationship between ZK60 billet roughness after ring compression and
thickness of lubricant film
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ZK60

1) 4 =010 0.15 200 300°C
u =020 035
2) DLC
DLC
DLC
3) 0.25um

[1] M.M. Avedesian and H. Baker: Magnesium and magnesium alloys, ASM Specialty
Handbook, (1999), 3-6.

[2] ; , , 46-10(1998), 113-117.

[3] T.Sano, A deWinter, T. Saiki, S. Horikoshi, S. Fuchizawa and S. Sado: Reduction of
environmental impact attained by magnesium alloys for automotive components,
Proc. 6th Int. Conf. Technology of Plasticity, (1999), 589-594.

(4] ; : , 46-10(1998), 118-121.

[5] ; ,

210 , (2002), 37-43.
[6] : ; ,
, 38-4(1999), 285-290.
[7] ; : , 38-4(1999), 321-324.

-78-



[8]

[9]

[10]

[11]

[12]

: , 66-10(2000),
1510-1513.
N. Ogawa, M. Shiomi and K. Osakada: Forming limit of magnesium alloy at
elevated temperatures for precision forging, Int. J. Mach. Tools & Manuf.,
42-5(2002), 607-614.

FP. Bowden and D. Tabor , : , (1961), ,
31-33.

FP. Bowden and D. Tabor , X , (1961),

9-13.

M.M. Avedesian and H. Baker: Magnesium and magnesium alloys, ASM Specialty

Handbook, (1999), 263.

-79-



[1]

[2.3]

[4.5]

[6]

6.2.1
[7]
Fig. 6.1
ZK60 Mg-6%Zn-0.5%Zr
24mm 36mm 60tonf
300mm-s* 10s*
10
100°C
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Upper tool

|
\ | Part A

Part A

120°
Billet 120°
] !
N |
| o $3.2 0.4
/ S
Lower tool '
Fig. 6.1 Tool dimension for upsetting test
6.2.2
Fig. 6.2 ZK60 Fig. 6.3 ZK60
200°C 400°C
200 250°C
250 400°C ZK60 Fig. 6.4
0.2

1.0

(a) Initial (b) Cracking  (c) Unstable (d) Barreling

200°C 250°C 300°C
ho = 36mm Ahlhy=40%  Ah/hy=49%  Ah/h, = 69%

Fig. 6.2 Initial and compressed magnesium (ZK60) billets in upsetting test
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©o O O

Stable CD

Heavy !
oxidation|
O |

0
50 100 150 200 250 300 350 400 450
Temperature /°C

Fig. 6.3 Relationship between shape of compressed Mg (ZK60) billet and forging

temperature

O 0 O
00 Q
o?o

N oW
o O
C Q
5 .
2]
—+
m
S
®

Reduction in height /%
D
(@)

=
o
_O \\\

350

300

250

200

Average strain rate: 10s ™"

0 0.2 04 06 08 10 12 14
Average equivalent strain

Fig. 6.4 Flow stress of Mg alloy (ZK60)

Average equivalent stress /MPa
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6.3.1
Fig. 6.5(a)

Fig. 6.5(b)
200 300°C

Furnace (200-300°C) Lubrlcant Tool (room temp.) Mg billet (200-300°C)

Mg bulk\\@ - \H ‘ - -

(1) Heating in furnace  (2) Lubrication (3) Forging (4) Product

(a) Conventional heating method in furnace

Mg billet _ Tool (200— Mg billet
(room temp.) Lubricant  3p0°C) Mg billet Heater (200-300°C)

w1l B

7 7 '
Lubricant _ F=—+H - L - -
(1) Lubrication (2) Heating (3) Forging (4) Product

(b) Proposed heating method by heat transfer from high temperature tools
Fig. 6.5 Heating and lubrication methods of Mg alloy
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6.3.2

Do =21.0mm do=7.0mm
ho = 7.0mm 150 300°C
WC 85% Co 15% R, =0.02um
3.5mm
Fig. 6.6 20

Fig.6.7 45
250°C
350
Billet height: 7.0mm
0 300 —
[¢D]
5 250 —
@
8 200
=
[¢]
— 150
2
o
3 100 WC tool temp.
N2 —@— 300°C —&— 200°C
N 50 —ll— 250°C —¢— 150°C
I I I I I

0 10 20 30 40 50 60
Contacting time /s

Fig. 6.6 Heating of Mg (ZK60) ring billet by heat transfer from high temperature tools



~
o

ZK60: Heated by tools (45s)
| Height: 7.0mm
o 60 Dry condition QO O
= 50— O O
2
2 a0k No cracks— O @)
E Cracks
S~ |, x O O
=
Saf X
E 20— X O O
X
10 — O o O o0
0 I R

100 150 200 250 300 350
Tool temperature /°C

Fig. 6.7 Relationship between shape of compressed ring shaped Mg (ZK60) billet and
tool temperature in case of heating billet by heat transfer from high temperature

tools
6.3.3
6.3.2 ZK60
Fig. 6.8
Anlhg = 20% u =020
1=0.05 ZK60

45
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0.40
0.35}— Tool temp.
300°C (dry)
3030
S 200°C
S 0.25 |—(dry)
5 250°C
S 0.20 X
2 (dry)
5 0.15— &
5 150°C 250°C
3910 @y (lubrication)
005~ O
T

0 10 20 30 40 50 60
Reduction in height 4h/hy /%

Fig. 6.8 Measured coefficients of friction of Mg (ZK60) in case of heating by heat
transfer from high temperature tools
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6.4.2

RIPLS-Forge [9]

6.3.2 7.0mm
300°C Fig. 6.9
Fig. 6.6 20
ZK60 2.0x 10° W/(m?K) 20°C
300°C Fig.
6.10
Fig. 6.11
350

Tool temp.: 300°C

" Convection heat
transfer coefficient
of billet-tool contgct

/W-m ~-K
— 0.01
— 0.005
—-—--0.002
—--— 0.001
---------- 0.0005

I I I I
20 30 40 50 60
Contacting time /s

Fig. 6.9 Effect of coefficient of convection heat transfer of billet-tool boundary on billet
temperature (FEM)

Billet temperature /°C
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Billet temperature /°C

= o —

—_——

Billet height

———-14.0mm
- 21.0mm
- 28.0mm

]
/  Tool temperature: 300°C
.- Heat transfer coefficient  ,
' of billet—tool: 2.0x10°W-m “-K

7.0mm

1

0 20

40

60

80 100

Contacting time /s
Fig. 6.10 Effect of height of Mg (ZK60) billet on history of billet temperature when

tools are at 300°C (FEM)

s --14
Ring
specimen 12—
E — SO ED SR
| El0f-
Tool: -
300°C S 8
— — __8 __________________________________
I
S =y
<t oA S
= T
ni| € 5
<||
. ~l_ g - S A | =
d,=7. LO 250 260 270 280 290 300
D, = 21.0mm Billet temperature /°C

Fig. 6.11 Temperature distribution of Mg ring billet (tool temp.: 300°C) (FEM)

-89-



6.5.1

0.2
ZK60
Fig. 6.12 [6] 60tonf
300°C
Fig. 6.13
1200
ZK60 temp.: 300°C
1000 Extrusion ratio
© 10.26
S ———- 6.58
< 800 —-—-- 3.70
I Y N U 1.80
>
B 600 /i Noe———_ R
ICO N 7 S L.
o T T 2
S 400 ,’ ;
=T (/S S / {
o R - )
200 P
i ‘I
il | ()
6 8 10

Punch stroke /mm
Fig. 6.12 Relationship between extrusion ratio and punch pressure in backward

extrusion of Mg (ZK60) billet heated in furnace
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- | -
—
I I |
(1) Initial (2) Upsetting (3) Extrusion

Fig. 6.13 Forging method for Mg alloy using work softening

6.5.2
Fig. 6.13
Fig. 6.14
ZK60 Fig. 6.4
Table 6.1
Fig. 6.15 Do = 24mm
5.0mm
Fig. 6.16
Do = 24mm
0 300°C
Fig. 6.15
1.2
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Mg billet

(1) Initial

e

RS

Car ot ta et ettt at Tt et tarete?
E et tatattetet
RS EEREEREREE

5%

R
5
25

e
Satatetatotet
SSss
ey

LsizzContaine
I

(2) 4hih, = 70%

%
I3

Fig. 6.14 Finite element calculation of backward extrusion

Table6.1 Computational condition for backward extrusion in finite element simulation

Initial Mg billet diameter Dy x height | 24x5.0, 20x7.2,
Ho /mm 16x11.25,12x20
Billet initial temperature /°C 300

Punch temperature /°C 20

Container temperature /°C 300

Convection heat transfer coefficient 3

of billet — tool contact /W-m2.K™ 20x10
Convection heat transfer coefficient

of free surface /W-m?.K™ 40

Coefficient of friction u 0.20

Extrusion ratio 10.28

Punch speed /mm-s™ 150

-92-



1000
900 (— Initial specimen size
DgxHg /mm
o 800~ 24x5.0
700 — ——— 20x7.2
= —-—-- 16x%11.25
2 600~ -~ 12x20
@ 500 |—
o
2— 400 — Uoseti _
settin ion
S 300 pSeting
>
D200 ot R
’ 4 . '---x.\)}.:%
100 [~ ‘
0 | i ‘
-15 -10 S5---7 0 5

400 — Initial specimen size
300w 24x5.0
200 -;:-"“'I ———- 20x7.2

W —-—- 16x11.25
1000 e 12x20

0 05 10 15 20 25 3.0
Punch position /mm

Fig. 6.15 Effect of initial billet shape on punch pressure in backward extrusion (FEM)
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Initial billet
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5 050 OF° | E
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Lo . 025 - L0
I (@) Dy=24mm, Hy= 5.0mm ' (b) Dy=20mm, Hy=7.2mm
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(c) Dy= 16mm, H,= 11.25mm (d) Dy= 12mm, H,=20mm
(1) Equivalent strain
Initial billet
I
300°C g S
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e L 380°C 3g800C c
————370°C <
0 —3600C” 1 0
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Fig. 6.16 Equivaent strain and temperature distributions of Mg billet at starting

backward extrusion process (punch position = Omm) (FEM)
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AC

6.6.1
Fig. 6.17
30mm ZK60
Table
6.2 300°C
10
Fig. 6.18 3.0mm
Dg = 30mm
Ho = 3.0mm 560M Pa
400 MPa
Fig. 6.19
Do = 30mm 0
300°C
1.0 50

Fig. 6.18
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Punch Mg billet
(heated) with lubricant (room temp.)

I A |
i { e | |
2 Ll I o | $30
| ¢/ "D, Ho | | 95
| — m) ) | ) . —
1430 |\ Container ]m ) My S
l .
_ (heated) i : —
| !
(2) Initial (2) Heating of Mg  (3) Forging (4) Mg product

billet by high
temperature tools

Fig. 6.17 Dieforging of Mg aloy utilizing thermal and mechanical properties

Table6.2 Computational condition for die forging in finite element simulation

Initial Mg billet diameter Do x height | 30x3.0, 24x4.69,
Ho /mm 18x8.33,14%x13.8
Billet initial temperature /°C 20

Punch temperature /°C 300

Container temperature /°C 300

Coefficient of friction 0.20

Punch speed /mm-s™ 1.0
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6.6.3
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Fig. 6.21 ZK60 billet forged by servo controlled press
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