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Abstract: In order to improve the machinability but not to impair other properties of the prehardened mold steel for

plastic, the composition was designed by application of Thermo-Calc software package to regulate the type of nomr

metallic inclusion formed in the steel. The regulated nomrmetallic inclusion type was also observed by SEM and

EDX. Then the machinability assessment of the steel with designed composition under different conditions was stud-

ied by the measurement of tool wear amount and cutting force. The results show that the composition of free cutting

elements adding to mold steel for plastic can be optimized to obtain proper type of nomr metallic inclusion in the aid of

Thermo-Cale, compared with the large volume fraction of soft inclusion which is needed for promoting ductile frac-

ture at low cutting speeds, the proper type of inclusion at high cutting speeds is glassy oxide inclusion. All those can

be obtained in the present work.
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1 INTRODUCTION

Prehardened mould steel for plastic with 36 ~
42HRC is difficult to machine and good machin-
ability of such mould steel is requested as usual. A
familiar way to meet the requirement is to add free
cutting elements, such as sulphur and calcium. It
is shown that modified effect of calcium treatment
on nom metallic inclusion precipitated in steel can
be optimal if the ratio between calcium and sulphur
is fixed as about 0.7'" or 3" or 0.07 = 0. 12" de-
termined by experiments.

However, it is not always the case for all
kinds of steels. Generally in order to obtain the
proper type of nommetallic inclusion for calcium
treated steel, the quantity and type of free cutting
elements can be regulated by thermodynamic com-
putation. During calcium treatment of aluminum
killed steels, the type of oxide and sulphide formed
at given temperature can be predicted by compu-
ting the thermodynamic behavior of the FeAlFCa

1481 " Tt is obvious that this kind of com-

O-S system
putation is too simple for the practical process of
non-metallic inclusion formed in steel, considering
complex thermodynamic equilibrium relationship a-
mong multrcomponents, which should be more
than five components, and multrphase systems. In
addition, the reliability of relevant thermodynamic

parameters is vital to application of thermodynamic

computation. So an effective tool with powerful
computational function and reliable database are
needed to make the method applicable and conven-
ient.

Thermo-Cale, a commercial software package
for calculating the phase equilibrium from a broad
database, offers an appropriate access for the ma-
terials design and reduces the times of experi-
ments'” * . The SLAG database of the commercial
software package from IRSID for Fe containing
slag can be used for predicting the composition of
non-metallic inclusion formed during steeFmaking
with a specific multiphase equilibrium'”"" .

In this article, aided by Thermo-Calc software
package, it can be predicted that the possible type
of free cutting phase forms in the prehardened
mold steel for plastic. Then the contents of sul-
phur and calcium can be precisely regulated in or-
der to effectively improve the machinability of
steel.

2  THEORETICAL MODEL AND COMPUTA-
TIONAL MODELLING

The SLAG database from IRSID for Fe
containing slag consists of data for the liquid slag
and condensed oxides for the Al203-CaO-Fe20s-
FeO-M g0O-5i02 system.
scribed with Gaye-model in the database. Gaye et

The liquid slag is de
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al'" investigated a liquid slag mixture of m oxides
((Mi), 0., 1=1, 2, .., m) including two kinds _=;1(1”‘x /D) (Ew/RT) (8)
of sub-lattice. One is an anionic sub-lattice filled i
with oxygen ions and the other is cationic sub-lat- Qi = kz;(vkx W/ D) (Ej/RT) (9)
tice filled with the cations in the decreasing order where m is number of oxides (M), O.; ui, vi

of their charge (e. g Si'" ...Ca™ ..). And the
structure of the melt is described in term of sym-
metric (-0-7) and asymmetric (-0-j) cells, in
numbers Ri, -5 2Rj,

consist of parameters for asymmetric cells forma-

. The energy parameters

tion, and parameters of interaction between cells.
This simplified melt structure makes it possible to
describe the multrcomponent system in terms of
Because the forma-
tion of melt can be thought as the result of the fol-

only a few binary parameters.

lowing bond response:
(70 )+ (j=07) = 2(i07) (1
Then the expression for the mixing free ener
gy G" of the melt can be derived by statistic ther-
modynamic method and thermodynamic parameters
of all oxide components can be determined:

m1 m

6" =22, D RiWi+ R "’—‘El]]—

i=1j=1i+1

m-1

RTZ [Dln( )Dmln( 1=
RT ZZ‘[R; InR; -

i=1j=1

RilnR; ] (2)

m

ZRij = ViXi (3)

j=1
R2

Ru R]] - P2 = 0
(G=1i+ 1, i+ 2 -, i+ m) (4)
Di= Ypuxs (5)
k=1
Ri = (vwjx;)/D (6)
1 ifj=i
P = o .
! exp( Qi) exp(Q;)exp(- R_Y% if j #i
(7)
/ (a)
8 lca,0,-5i0, Ca$
Sk T
24 P,
@3/’ C2AS, L
_ /,\/ CA2 AbO,
i PR CAS\"’

A 0 5 10 15
A ”

w(AD/107

are stoichiometric indexes of oxides; x; is molar
fractions of oxides; Ri, 2R; are numbers of i-O-7,
i-0-j cells; Wy is energy parameters for asymmet-
ric cells formation; E; is energy parameters for
cells interactions; Rj is fraction of i-O-j cells for a
random distribution of cations on their sublattice.

The model was incorporated in various multr
phase equilibrium calculation models for the de
scription and monitoring of metalgas-slag treat-
ments and then the database based on it can be ap-
plied to estimate the type and amounts of nomn-
metallic inclusion at different stages in the produc
tion of steel "%,

In this study, the SLAG database is first ap-
plied to estimate the effect of calcium, aluminum
and sulphur content on non-metallic inclusion pre-
cipitate in mold steel for plastic with matrix com-
position of 0. 4% C, 1.37% Mn, 1.77% Cr, 0. 9%
Ni, 0.2% Mo, 0.3% Si( mass fraction). This kind
of effect is quantitatively analyzed by means of
computational procedure in Thermo-Calc softw are.
While performing analysis, the composition of the
steel as well as the temperature considered are in-
put into the computer as a macrofile. T ake addition
of 0.02% or 0.04% S for example, when the oxy-
gen content is fixed as 4.0 x 10
lated that CaxO2 * SiO2, CaS, calcium aluminates,
including CaO * 2A1:05, CaO * 6ALO; and liquid
2Ca0 * ALLOs * Si02(C2AS) etc form in different
composition ranges, as shown in Fig. 1,
tively.

It can be seen that between 2.17 x 10°° and
4.0% 10"’ of calcium content, free cutting phase
C2AS can be precipitated in steel with 0. 02% of
sulphur and 1.5x10™* then if 0. 04%

5 %
, it can be calcu-

respec

aluminum;

w(Ca)/107>

3 CA2+CA6
L & . ! ALO4

A 0 5 10 15

w(AD/1073

Fig.1 Effect of Ca and Al content on non-metallic inclusion precipitated in steel for content of

S 0.02% (a) and 0.04% (b) at 1550 C
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of S is added, calcium content is between 2. 72 X
10" ° and 3.49%x 10" °.

small that it makes regulation difficult.

The composition range is so

As is well known, calcium aluminates precipi-
tate before solidification easily form cluster and
then big chunk of inclusion, even form defects in
steel during solidification. In addition, the forma-
tion of solid calcium sulphide inclusion not only
produces the aggregation of calcium aluminate but
also hinders the formation of free cutting phase
MnS during solidification. Thus, if the free cutting
element contents are not controlled, the perform-
ance of calcium treated steel may be decreased re-
sulting from the formation of harmful inclusion.
On the contrary, glassy oxide inclusion C2A'S ben-
efits to the machinability of steel but almost does
not impair the mechanical properties''”™" . Accord-
ing to the calculated result if sulphur and calcium
contents are regulated to proper range under given
condition, free cutting phase can be obtained, which
will be testified by following experiments.

3 EXPERIMENTAL AND RESULTS

The experimental materials are melted in a
middle frequency induction furnace. The mass of
each ingot is 30 kg. The chemical compositions of
steel tested are given in Table 1. The ingots are
hot-forged into bar 85 mm in diameter and 300 mm
in length. These samples are quenched and tem-
pered to a hardness of 41HRC.

Specimens of 12 mm X 12 mm X 12 mm are cut
from the cast ingot for energy dispersive system a-
nalysis of inclusion, the result is shown in Fig. 2.
A lathe with a variable spindle speed capability is
used for turning tests. In the experiment of tool
wear test at low cutting speed, the cut depth and
feed rate are fixed as 1. 5 mm and 0. 1 mm/r, re
spectively, whilst the cutting speed is variable in
the range from 15 m/min to 32 m/min; then at
high cutting speed, the cutting speed is variable in
the range from 150 m/ min to 230 m/ min. In the
experiment of cutting force test, the feed rate is
fixed as f = 0. 1 mm/r and the cutting speeds are
fixed as v= 40 m/ min and v= 170 m/ min respec
tively, whilst the cut depth is variable in the range
from 0.5 mm to 3 mm. The principle cutting force
Fz is measured by a three-component piezoelectric
force dynamometer. The flank wear of the tool at
different times are measured by using a tool

Table 1 Chemical composition

maker s microscope with precision of 0. 01 mm.
The flank wear of the tools whilst machining ex-
perimental steel are shown in Fig. 3(a) and the
principle cutting forces when machining the steels
tested at different cut depth are shown in Fig. 3
(b). Then the rake surface of tool is observed by
SEM and EDX after cutting the No. 2 steel for 5
min using the cutting speed at 230 m/ min, the re-
sults are shown in Figs. 4(a) and (b).

4 DISCUSSION

As shown in Fig. 2(¢), alumina inclusion with
27 3 Um size is found in untreated steel. In Figs. 2
(a) and (b) it can be seen that the main types of
inclusion in No. 2 steel are C2AS and (Mn, Ca) S
plus minuscule calcium aluminate complex inclu-
sion respectively. The experimental results agree
with the calculation results, that is to say, the for-
mation of harmful inclusion can be avoided and
C2AS free cutting phase can be precipitated in steel
with addition of 0.02% of S and 3.7 x 10" calcium
in given condition.

During the cutting process the wear and fail-
ure mechanisms of tools are very complex. The
mechanism and process, including plastic deforma-
tion under compressive stress, diffusion wear, at-
trition wear and abrasive wear, etc, appear to be
the main ways in which carbide tools are worn or
change shape so that they no longer cut effective-
1y,

The former two failure modes based on de
formation and diffusion are temperature dependent
and come into play at high cutting speeds'”"” **'. As
for diffusion wear, metal and carbon atoms of the
tool material diffuse into the work material that is
seized to the rack face surface, these atoms are
then carried away in the body chip. Under lower
cutting speed condition, temperature is low, the
abrasive wear and attrition wear dominate. Gener-
ally the abrasive of rake and flank surface by hard
particles, such as alumina existed in the steel, will
play an important role in the wear of tools.

In the machinability experiments, as shown in
Fig. 3, it is obvious that tool wear and principle
cutting force whilst machining the No. 1 steel are
all much greater than those whilst machining No. 2
steel at low or high cutting speeds. In addition af-
ter cutting the No. 2 steel for 5 min using the cut
ting speed at 230 m/ min, the C2AS lubricating lay-

of steel tested (mass fraction, %)

No. C Mn P S Si Ni

Cr Mo A% Al Al 0 Ca

1 0.40 1.36  0.019 0.008 0.30 0.90

2 0.40 1.37 0.019 0.021 0.31 0.91

1.78 0.20 0.10 .015 . 025 39 —

1.77 0.20 0.11 0.014 0.021 37 37
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Fig.2 Morphologies of inclusion in steel and their composition analysis
(a), (b) —No. 2 steel; (¢) —No. 1 steel

er is observed at the rake face of tool. the incompatibility of deformation between such

At low cutting speed, the tribological condi soft inclusions and the steel matrix promotes dam-
tion at the tool/ chip interface is sliding, physical age events leading to ductile fracture, i.e. void nu-
wear processes dominate!™ . (Mn, Ca)$ plus cal- cleation, void growth and void coalescence. In con-
cium aluminates complex inclusion dispersed in trast, the wear of tool for cutting No. 1, which is

steel No. 2 can improve the machinability. Because
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Fig. 4 Observation of tool rake at high cutting speed of morphology(a) and composition analysis(b)

the untreated steel whose microstructure and me-
chanical performance similar to No. 2 steel, is ac
celerated by the abrasive action of very hard rigid
alumina inclusion. At high cutting speed the tool
diffusion wear is the dominant failure mode in ma-
chining steel. It is shown that in the condition of
cutting speed between 100 m/ min and 250 m/ min,
feeding rate between 0. 07 mm/r and 0. 2 mm/r,
the cutting temperature is about 700 =900 C, that
is equal to the turning point of viscosity-tempera-
ture relation curve for Ca0O-Al203-SiO:2 inclu-
sion'™ | which means the viscosity of glassy oxide
inclusion located in the interface of tool/ chip, is
markedly decreased and forms the protective layer
on the tool under high press, high friction and high
temperature. This layer not only reduces the fric-
tion wear but also suppresses the diffusion wear,
because alloy elements in tool material diffuse into
chips are inhibited and dynamic diffusional process
effectively change into quasrstatic state diffusion
mode. So it can be concluded the machinability of
No. 2 steel is better than No. 1 steel due to the for-

mation of free cutting phase.
5 CONCLUSIONS

1) Free-machinability prehardened mold steel
for plastic can be designed by Thermo-Calc soft-
ware package. Free cutting phase can be precipita-
ted in steel by the regulation of sulphur and calci-
um contents at the simulated composition range.

2) The formation of (Mn, Ca) S plus calcium
aluminates complex inclusion and C2AS benefits to
improve the machinability of prehardened mold
steel for plastic at low or high cutting speed.
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