i i DEC 2006 STEEL AND MOULD TOOL FOR PLASTI C MATERI ALS MADE OF THE STEEL
TECHNI CAL FI ELD The invention relates to a steel, i.e. an alloy,j Dg$qngﬁg
to be used in the first place for the 5 nmanufacturing of nould tools™

whi ch plastic products shall be manufagtured by some kind of noul di ng
method in the plastic or noul ded condition of the plastic material. The
invention also relates to tools and tool details nade of the steel, and

bl anks of the steel alloy for the manufacturing of nould tools for plastic
materials and details for such tools. 10 BACKGROUND OF THE | NVENTI ON Moul d
tools for plastic materials are nade of a great nunber of various steel
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is a conmmercially aval e steel I ch nom na contains 0.6% C, 4.5%
Cr, 0.5% M and 0.2% V and 15 which is used for cold work tools and noul d
tools for plaECHNICRATIEFIERIDS. Wthin the sanme group there is also found the
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tenpering, i,e, tenpering at about 550C, on the other hand the

hardenabilit?}f’oéﬁ that steel is not particularly good. 25 It is the purpose
of the ipyention to provide a nould steel for noulding plastic materials

whi ch has a bet i pat-i es for the enploynent of the steel
for the mn%?ﬁég%ﬁmﬁ%wmw&r plastic materials, than the tool
st eel s whi ch Mmddmols fyr plaste ncaseniads aieabddy ofie gidatinhreber RAvaticus stael siloyshe st eel
shoul d have t 3 j.0g; .f : ; b L - CGood
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Fesi stance agHREESTHisfh foundsBe alndiHised B AL SLPbicbds flsh SPEimesiied ¢ i n
appl i cat i ons fariefet alig gionkdools franandiag piias matseials, argisinsiirn cemiteiciudut
nitriding or SufLAGEE0aL M idnlakiy ST 0.55% C, 2.6% Cr, 2.25% Mo and 0.9%
V. The two first named steels attained a desired hardness only after low temperature
20  tempering, which may cause risk for retained tensions in the steel after heat treatment. It

is true that the last mentioned steel may achieve an adequate hardness after high

temperature tempering, i.e. tempering at about 550°C, on the other hand the

hardenability of that steel is not particularly good.

25  Itisthe purpose of the invention to provide a mould steel for moulding plastic materials
which has a better combination of features for the employment of the steel for the
manufacturing of mould tools for plastic materials, than the tool steels which presently
are commercially available. Particularly, the steel should have the following features:

- Good ductility/toughness,
30 .= Good hardenability allowing through hardening in connection with conventional
hardening in a vacuum furnace of products with thicknesses up to at least 350
mm,
- Adequate hardness, at least 54 HRC, preferably at least 56 HRC, after hardening
and high temperature tempering, which gives a high resistance against plastic

35 deformation and, at least as far as certain applications are concerned, also an

adequate wear resistance without nitriding or surface coating with titanium



| t DEC 2006, 2 carbide and/or titaniumnitride or the |like by neans of
e.g. PVD- or CVD technique, Good tenpering resistance in ér&ié{E& Gk, 1 ow
nitriding or surface coating with titaniumcarbide and/or titaniumnitride
or the like by e.g. any of said technigues 5 w thout reduction of the

har dness of the material for applications which require particularly good

wear resistance of the tool, Good heat treatnent features, Good
grindability, machinability by cutting operations, spark machinability, and
polishability. 10 Qther inportant product features are: - Good dinension
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claims. As far as the {rldi wgual el enents o he stee oy an
mut ual i nt er act i oR&AcBlarly gopd ewREstanger it thegtopbwi ng appl i es. Per cent ages
mentioned in thisGoedthesd tv@¥bent 6aflired, 0 Weight -%if not otherwise is

stated. The steel of .the.i.nuentign shall, as, above .nentioned,..nat..contain
oy primary carbi Saod SfeaHElEn iy DR iReRa PR bk R R "
adequat e for nost papgiabddy.i ons. This is 30 achi.eved by an adequate
hardness g thin the range 54-59 HRC, suitably 56-58 HRC, in the hardened
and high tenperature tenpered condition of the steel, at the same tinme as
the steel shé&Mtherimpertantpseducyfeiresdugihness. In order to achieve this, the
steel contains . caydvaniiRBskiMPRALiN Mk Welirdigh@nced amounts. Thus the
steel should contain t,Ie?% 0.43% preferably at |east 0.44% and
suitably at | east ng%a)g%e rther the steel should 35 contain at |east
0.30% preferably at least 0.40% and suitably at |least 0.45%V in order
to ensuregcth . tensitic matrix of. the steel in the hardened .and
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carbon in solmajersa fort inowlditoolefod plastiomgieriels, i.c. a steel which is essentially void of

primary carbides and which in its use condition has a matrix consisting of tempered
martensite.

20 DISCLOSURE OF THE INVENTION

'The above mentioned purposes and features can be achieved by means of a steel which
is characterised by what is stated in the appending patent claims.

As far as the individual elements of the steel alloy and their mutual interaction are

25  concerned, the following applies. Percentages mentioned in this text always refer to
weight-% if not otherwise is stated.

The steel of the invention shall, as above mentioned, not contain any primary carbides
but nevertheless have a wear resistance which is adequate for most applications. This is
30 achieved by an adequate hardness within the range 54-59 HRC, suitably 56-58 HRC, in
the hardened and high temperature tempered condition of the steel, at the same time as
the steel shall have a very good toughness. In order to achieve this, the steel contains
carbon and vanadium in well balanced amounts. Thus the steel should contain at least
0.43%, preferably at least 0.44%, and suitably at least 0.46% C. Further the steel should
35  contain at least 0.30%, preferably at least 0.40%, and suitably at least 0.45% V in order
to ensure that the martensitic matrix of the steel in the hardened and tempered condition
of the steel, shall contain a sufficient amount of carbon in solid solution in order to give



11 DEC 2006. 3 the matrix said hardness and also in order that an
adequat e anount of secondarily precipitated, very small har @RE€s3g)ii.

i ncreasi ng vanadi um car bi des shall be formed in the matrix of the steel.
Moreover, very small, primary precipitated vanadi um carbides exist in the
steel, which contribute to the preventdiion of grain growh during the heat 5
treatnent. Any ot her carbides than vanadi um carbi des should not exist. In
order to achieve said conditions, the steel nust not contain nore than
0.60% preferably max. 0.55% and suitably max. 0.53% C, and nmax. 0.70%
preferably max. 0.65% and suitably max. 0.60% V. Nomi nally, the steel
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| ow cont ent Neshinglly BiewsteahhputhingllYesiligm. i n the steel to form 35 nanganese
sul phi degy Manganese therefore, shall exist in an anount of 0.1-2.0%

Aluminium to some extent may have the same or similar effect as silicon at least in a
steel of the present type. Both can be used as oxidation agents in connection with the
manufacturing of the steel. Both are ferrite formers and may provide a dissolution
hardening effect in the matrix of the steel. Silicon therefore may be partly replaced by

25  aluminium up to an amount of max. 1.0%. Aluminium in the steel, however, makes it
necessary that the steel is very well deoxidised and has a very low content of nitrogen,
because aluminium oxides and aluminium nitrides otherwise would form, which would
reduce the ductility/toughness of the steel considerably. Therefore, the steel should
normally not contain more than max. 1.0% Al, preferably max. 0.3%. In a preferred

30  embodiment, the steel contains max. 0.1% and most conveniently max. 0.03% Al

Manganese, chromium and molybdenum shall exist in a steel in a sufficient amount in
order to give the steel an adequate hardenability. Manganese also has the function of
binding the extremely low contents of sulphur which may exist in the steel to form

35 manganese sulphides. Manganese therefore, shall exist in an amount of 0.1-2.0%,
preferably in an amount of 0.2-1.5%. Suitably, the steel contains at least 0.25% and
max. 1.0% manganese. A nominal manganese content is 0.50%.



preferably in an anount of 0.2-1.5% Suitably, the steel contains at |east
0.25% and nmax. 1.0% nmanganese. A nom nal manganese cont et 1illo 280 1 1
DEC 2006 4 Chromumshall exist in a mninumanmount of 3.0% preferably at
| east 4.0% and suitably at least 4.5%in order to give the steel a desired
hardenabil ity when the steel contains manganese and chrom umin anmounts
whi ch are characteristic for the steel. 5 Maximally, the steel nmay contain
7.0% preferably max. 6.0% and suitably nmax. 5.5% chromum Al so

nol ybdenum shal | exist in an adequate ampbunt in the steel in order to
afford, together with in the first place chromum the steel a desired
hardenability and also to 10 give it a desired secondary hardening.
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however, thermousi @f momkhaf max. 1.0%, preferably max. 0.3%, suitably max. 0.1%. Most
conveniently, the steel should not contain any intentionally added amount of tungsten,
which in the most preferred embodiment of the steel should not be tolerated more than
as an impurity in the form of a residual element emanating from used raw materials for
25 the manufacturing of the steel.

In addition to the said elements, the steel normally need not contain any further,
intentionally added alloy elements. Cobalt, for example, is an element which normally
is not required for the achievement of the desired features of the steel. However, cobalt

30 may optionally be present in an amount of max. 2.0%, preferably max. 0.7%, in order to
further improve the tempering resistance. Normally, however, the steel does not contain
any cobalt exceeding impurity level. Another element which normally need not exist in
the steel, but which optionally may be present, is nickel, in order to improve the
ductility of the steel. At too high contents of nickel, however, there is a risk of

35  formation of retained austenite. Therefore the nickel content must not exceed max.
2.0%, preferably max. 1.0%, suitably max. 0.7%. If an effective content of nickel is
considered to be desired in the steel, the content e.g. may amount to 0.30-0.70%,



35 formation of retained austenite. Therefore the nickel content nust not
exceed max. 2.0% preferably nmax. 1.0% suitably max. 0.79% BEE 2096
effective content of nickel is considered to be desired in the steel, the
content e.g. may anount to 0.30-0.70% i S DEC 2006 5 suitably to about
0.5% In a preferred enbodi nent, when ft is considered that the steel has
a sufficient ductility/toughness also wi thout nickel, the steel, in
relation to cost reasons, should not contain nickel in anbunts exceedi ng
t hat content of nickel which the steel unavoidably will contain in the
formof an inpurity fromused raw materials, i.e. 5 |less than 0.30%
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(10 ppm) . Ni treeded andigreant gctmplctela'rdlmkya«ﬂmntﬂdn ﬂamm olten @ad%onﬁf destasbl y max.
0.015% st %%g%d@a&%e $mers other than vanadium, particularly titanium,

zirconium, and niobium, therefore must not exist in amounts above 0.1%, preferably
max. 0.03%, suitably max. 0.010%. Most conveniently, the steel does not contain more
than max, 0.005% of each of said elements. Also the contents of phosphorus, sulphur,
nitrogen and oxygen are kept at a very low level in the steel in order to maximise the

25 ductility and toughness of the steel. Thus, phosphorus may exist as an unavoidable
impurity in a maximum amount of 0.035%, preferably max. 0.015%, suitably max.
0.010%. Oxygen may exist in a maximal amount of 0.0020% (20 ppm), preferably max.
0.0015% (15 ppm), suitably max. 0.0010% (10 ppm). Nitrogen may exist in an amount
of max. 0.030%, preferably max. 0.015%, suitably max. 0.010%.

30
If the steel is not sulphurised in order to improve the machinability of the steel, the steel
contains max. 0.03% sulphur, preferably max. 0.010% S, suitably max. 0.003% (30
ppm) sulphur. However, one may conceive to improve the machinability of the steel by
intentional addition of sulphur in an amount above 0.03%, preferably above 0.10% up to
35 max. 0.30% sulphur, If the steel is sulphurised, it may in a manner known per se also
contain 5-75 ppm Ca and '50-100 ppm oxygen, preferably 5-50 ppm Ca and 60-90 ppm

oxXygen.



If the steel is not sulphurised in order to inprove the machinability of
the steel, the steel contains max. 0.03% sul phur, preferably BBR.?7005§010%
S, suitably max. 0.003% (30 ppn) sul phur. However, one may conceive to

i nprove the machinability of the steel gby intentional addi ti on of sul phur
I n an anount above 0.03% preferably above 0.10% up to 35 max. 0.30%

sul phur. If the steel is sulphurised, it may in a manner known per se al so
contain 5-75 ppm Ca and 50- 100 ppm oxygen, preferably 5-50 ppm Ca and 60-90
ppm oxygen. 1 1 DEC 2006 6 During the manufacturing of the steel, there
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steel has a flétﬁlsptqoécmbﬂﬂp@r@@m@ﬁmﬁwﬁumtwls‘61@W@@W@Uﬂa@lﬁﬁﬂg car bi des,
whi ch may be gerfidn@F 6 bpdk Mchihholifl el 1REESRE dn@Rthefdd cohiBE bEthe steel.
condltlon2 t he steel has a matri x conS|st| ng of untenpered martensite. In
terns

The heat treatment of the manufactured tools is normally carried out by the customer,
preferably in a vacuum furnace, by hardening from a temperature between 950-1075°C,
suitably at 1000-1050°C, for complete dissolution of existing carbides, for a period of
time between 15 min to 2 h, preferably for 15-60 min, followed by cooling to 20-70°C,

25  and high temperature tempering at 500-570°C, suitably at 520-560°C. In the soft
annealed condition of the steel, the steel has a ferritic matrix containing evenly
distributed, small carbides, which may be of different kind. In the hardened and not
tempered condition, the steel has a matrix consisting of untemperéd martensite. In terms
of calculation by known theoretical calculations, the steel at equilibrium contains about

30 0.6 vol-% MC carbides. At high temperature tempering, an additional precipitation of
MC carbides is obtained, which affords the steel its intended hardness. These carbides
have a sub microscopic size. The amount of carbides is therefore impossible to state by
conventional microscopic studies. If the temperature is increased too much, the MC
carbides are caused to be more coarse and become instable, which instead causes

35  rapidly growing chromium carbides to be established, which is not desired. For these
reasons, it is important that the tempering is performed at the above mentioned
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Fig. 5 and Fig. 6 are micro-photographs which at a large magnification show fracture
20 surfaces of two examined steels.

DESCRIPTION OF PERFORMED EXPERIMENTS
Materials
Eight steel alloys were manufactured in the form of laboratory ingots having a mass of
25 50 kg. The chemical compositions of these ingots, which were manufactured at a
laboratory scale, are given in Table 1, the steels 1A-8A. The steels 1A-6A are
experimental steels, while the steels 7A and 8A are reference materials. In table 1 there
are also given the aimed compositions, 1R-6R, of the experimental steels and the
nominal compositions, the steels 7N and 8N, of the reference materials, and also one of
30  the commercial steels mentioned in the preamble, steel 9N. The sulphur content of the
50 kg ingots could not be kept at a desirably low level in the majority of the laboratory
heats because of the limitations of the manufacturing technique. In all the experimental
steels, the content of titanium was in the order of 30 ppm and the content of niobium mn
the order of 10 ppm. The content of zircontum was less than 10 ppm. The following
35  processing was applied: homogenisation treatment 10 h at 1270°C/air, forging to
@60x60 mm, regeneration treatment at 1050°C/2 h/air, and soft annealing at 8§50°C/2 I,
cooling 10°C/h to 600°C, then free cooling in air.
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~N THO abbNnérillDvwaYe edamided wiDEEi2Oe to Bardness after soft annealing,
micro-structure after different heat treatments, hardness after hardening from different
austenitising temperatures, hardness after tempering at different tempering
temperatures, hardenability, impact toughness, and wear resistance. These investigations
5  arereported in the following. Moreover, theoretical equilibrium calculations were
cartied out by the Thermo~Cale method with reference to the content of dissolved
carbon and carbide fraction at the indicated austenitising temperature for the steels
which have the aimed compositions 1R-6R and the nominal compositions 7N-9N of the
reference steels, respectively, Table 2.
10
Table 2 — Contents of dissolved carbon in weight-%, at the austenitising
temperature, T4, and volume-% MC at T,

Steel Optimal T % CatTy % MCatT, | % M7C3atT,
)
IR 1020 0,41 0.14 -
2R 1020 0,41 0.42 -
3R 1020 0.38 T 0.56 -
4R 1020 0.39 0.52 -
5R 1020 0.42 0.59 -
6R. 1020 0,40 0.93 -
TN 960 0,52 . 0.13 1.23
8N 1050 0,39 1.67 -
9N 960 0,47 0.64 -

15 Soft annealed hardness
The soft annealed hardness, Brinell hardness (HB), of the alloys 1A-8A is given in

Table 3. Table 1 and 3 show that a low silicon content reduces the soft annealed
hardness.



The above materials were examned with reference to hardness after soft
annealing, mcro-structure after different heat treatnents, 1DE@dﬁE§s after
hardening fromdi fferent austenitising tenperatures, hardness after
tenpering at different tenpering tenpgratures, hardenability, inpact

t oughness, and wear resistance. These investigations 5 are reported in the
foll ow ng. Mreover, theoretical equilibriumcalculations were carried out
by the Therno-Cale nmethod with reference to the content of dissolved
carbon and carbide fraction at the indicated austenitising tenperature for
the steels | ve the d,conpositions I R-6R and the nom na
conpositions*gkﬁg%qﬁpgﬁﬂgeaﬁﬁgngﬁe steel s, respectively, Table 2. 10
Table 2 - Contents of dissolved carbon in weight-% at the austenitising

tenperature| TA, and vol % MC at TA St eel ti TA % TA % MC at
TAW&) M/ C3 at—FA—E—4R~1 wﬁuj‘rl O—14—2R 102800,41 .0, s°s?§§)1020 %.38
0.56 - 4R 1020 0.39 0.52 -1%R 1020 0.42 0/59 - 6R 1020 0740 0.93 - 7N 960
0,52 0.13 1{23 8N 1050 O, 1.67 - 9N 960 0,47 0.64 - ié,QSOft anneal ed
har dness The—soft—ameated—hardress—BrreH—hardress—{+HB—of—the—alloeys
1A-8A is giyen in Table BATable 1 and 3|show that a | &#fsilicon content
reduces the|soft anneal ed 41@ardness 1 1 PEC 2006 10 T?ﬂe 3. Soft
anneal ed hardmess—Steet—Hardnmess—B-+A1+7+4—2A199—3At76—4AT7%

5A 181

6A 212

TA 191

8A 222

Micro-structure
5 The micro~structure was examined in the soft annealed condition and after heat

freatment to hardnesses between 55 and 58 HRC of the alloys 1R-8R. The micro-
structure consisted of tempered martensite in the hardened and tempered condition of
the steels. No primary carbides were present. Nor could any titanium carbides, nitrides
and/or carbonitrides be detected in any alloy.

10
Hardening and tempering
The steels 1A-6A were austenitised by heating for 30 minutes at different temperatures
between 1000 and 1050°C, while the reference steels 7A and 8A were austenitised for
30 minutes at 960°C and 1050°C, respectively, which are the optimal austenitising

15 temperatures of these known steels. The influence of the austenitising temperature upon
the hardness of the steels 1A-6A is shown in Fig. 1, where also the hardness of the
reference materials 7A and 8A after said austenitising treatment is shown.

The influence of the tempering temperature on the hardness of the steels 1A-8A after

20 austenitising at 1025°C of the steels 1A-6A, at 960°C of the steel 7A, and at 1050°C of
the steel 8A, 30 min, was examined. A typical secondary hardening was observed at a
temperature between 450°C and 600°C for all the steels except for steel 7A. Fig. 2
shows the hardness versus the tempering temperature within the interesting temperature
range between 500°C and 600°C. All the steels were tempered 2 x 2 h at the indicated

25  temperatures. Steel 6A exhibited the best tempering resistance of the examined
materials up to a tempering temperature of 550°C, Steel 2A had a tempering resistance
which was equally as good as that of the reference material 8A up to 525°C, while the
steels 1A and 3A-5A had a wear resistance on a level lower than the tempering



5A 181 6A 212 7A 191 8A 222 Mcro-structure 5 The mcro-structure was
exam ned in the soft anneal ed condition and after heat tnfeatDREnt))ifo

har dnesses between 55 and 58 HRC of the alloys IR 8R The mcro- structure
consisted of tenpered martensite in the hardened and tenpered condition of
the steels. No prinmary carbides were pHesent. Nor could any titanium
carbides, nitrides and/or carbonitrides be detected in any alloy. 10

Har deni ng and tenpering The steels 1A-6A were austenitised by heating for
30 mnutes at different tenperatures between 1000 and 1050C, while the
reference steels 7A and 8A were austenitised for 30 mnutes at 960C and
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| A and 3A-5A a wear resi e tenpering 1 1
DEC 2006 red¢slosiice of steel BA but si gnlflcantly hi gher than the
tenpering resistance of steel 7A.  The tenpering resistance of the

experi ment al Ions ﬁLA— 6A therefore may be considered to be good, which is
i mport ant fo ardeRahiliy st eel which may require surface coating at a

t enper at use wpcérﬁpz&ﬁ@ﬂ of ﬁﬁ@l@rdeﬂa’ﬁﬁ@ﬁﬂ tdrms o Vadler Aardeas (HE30)steasus ¢hentrnessar y

o1, 597 © \ 9ghu SR R U AT Pl TCT i R 450C
pronounced sex &g arfgr ﬂharedanmn@ alloys 1A-8A. As is apparent from the chart, all expenmental
alloys 1A-6A have a better hardenability than the reference steels 7A and 8A.
Especially steel 5A has a very good hardenability, while the reference material 8A
20  achieves only 52 HRC in the hardened condition at tg.s = 1000 s. The reference steel 7A
reaches 55 HRC, while all experimental alloys 1A-6A reach a hardness >56 HRC at
said cooling rate. ’

Ductility

25  The ductilify in terms of absorbed impact energy for un-notched test rods at 20°C is
shown in Fig. 4 for rods of the alloys 1A-8A cooled in a vacuum furnace versus the
cooling time from 800°C to 500°C. The shown cooling times are realistic cooling times
for full size mould tools for plastic moulding. All steels are tempered to an aimed value
of 55 HRC. The best ductility was obtained by the experimental alloys 3A, 4A, and 5A,

30  which contain about 0.1% to about 0.2% Si and about 0.5% V. This is also shown in
Table 4, which shows the ductility in terms of absorbed impact energy for un-notched
test rods at 20°C hardened in a vacuum furnace and cooled at a rate corresponding 10 t5.5
= 1190 s and tempered to a hardness of 55 + 0.8 HRC. Corresponding variants having a
lower content of vanadium have a lower ductility. Comparative studies of fracture

35  surfaces show that the variants with the lower vanadium content have larger austenite
grain sizes, Fig. 5, which can be explained by the fact that these alloys contain a lower
content of austenite grain growth preventing vanadium carbides in the matrix than those



i s obtained by precipitation of MC carbides. The wear resistance is
favoured by a high silicon content, but also if the silicoh tdileddll s

| ow, such as in steel 5A a hardness above 56 HRC can be maintained after
hi gh tenperature tenpering up to abouty;540C. 10 This is advant ageous,
because it makes it possible to performthe surface treatment wthin a
rat her wi de tenperature range w thout causing the hardness of the tool to
be too low Hardenability 15 A conparison of the hardenability in terns
of Vi cker hardness (HV 10) versus the ti rre requi red for cooling from

800- 500C, usi n dat rom CCT d| | s shown g. 3 for the
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ductility was obtained by the experinental alloys 3A, 4A and 5A, 30 which
contain about 0.1%to abog{ D 2% SI and abhout 0.5/ Th;uf I snal so shown jin
Tabl e 4, whireh—shews—the ¢ |||+\l Fn—terns—of :\henr \r
un-notched |test rods at 210°C hardened in a vacuumfur nad@Sand cool ed at ja
rate corresponding to t8. 52A‘ 1190 s and tlenpered to a h@ddness of 55 (.8
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Fig. 6 shows a ductile fracture of a test rod nade of a steel with an
adequate al | Q&X’ cong)om tion according to the invention, which has a fine
austenite gralYfar resistance

A pin against pin test with SiO; as an abrasive wear agent was carried out for the

examined alloys 1A-8A. Steel 7A had the lowest wear resistance. At comparable

hardnesses, the other steels had an equally good wear resistance. Those alloys which
15 had a higher silicon content, however, had a somewhat better wear resistance.

DISCUSSION
The intention of the work carried out in connection with the development of the present
invention is to achieve a steel having a desired combination of features as indicated in
20 the left column in Table 5. In the table the marks 1-3 are used, where 1 = lowest and 3 =
best. The experimental alloy which comes nearest the ideal is steel 5A. This steel has
been compared with the reference material 8A. No serious drawbacks, but many
advantages, in the view of its use for mould tools for plastic moulding could be
registered for the steel SA in this comparison. In comparison with the reference material
25 7A,itis an important advantage that the steel can be high temperature tempered, while
steel 7A requires low temperature tempering with the known drawbacks which this
gives in connection with spark machining, retained high tensions afier heat treatment,
and restrictions as far as the choice of surface treatment is concerned. The marks for
fatigue life are calculated with reference to the cleanliness of the steels. The pressure



5 size, which is a prerequisite for a good ductility. Table 4 -
In terns of absorbed inpact energy in the transversal
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In comparison with the ideal combination of features, steel 5A has a somewhat low
hardness after hardening and high temperature tempering. On the basis of the
experiences obtained by the experiments, it is estimated that the silicon content of an
optimal steel composition should be about 0.2% and that the content of dissolved carbon
at 1020°C in such a steel should be about 0.45%. The silicon content, however, should
not exceed 0.25% in the optimal composition in order to provide an optimal
ductility/toughness of the alloy. The aimed value of the carbon content of the steel, in

in the



content of the materials. The weldability is related to the carbon content
and to the 5 content of alloy elenents. The production ecdndnﬂﬁ&é@n een
considered with reference to the possibility to manufacture the steels in
a conventional way w thout problens. Table 5 - Desired conbination of
features; conparison of features of exam ned steels 10 Paraneters/ Features
Desired Steel 8A Steel 7A Steel 5A conbination of features Hardenability 3
1 23 Dinension stability at 3 1 2 3 heat treatnent Hardness after 3 3 3
3 tenpering (56-58 HRC) Inpact toughness 3 2 1 3 War resistance 2 2 3 3

Fatigue life S r 3.3 3 3 I ndahi i 3 3
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An optimal alloy for mould steels for plastic moulding therefore should have the
composition which is given in Table 6.

15 PRODUCTION SCALE EXPERIMENTS
A steel 10P according to the invention was manufactured in an electric arc furnace. The
aimed composition was the composition according to Table 6. The heat had a weight of
65 tons. The analysed composition only diverged very little from the aimed
composition. The only elements which were outside of the given norm were sulphur and

20 nitrogen, the contents of which amounted to 0.011% and 0.013%, respectively, instead
of max. 0.010%. The complete composition of the steel 10P is given in Table 7, in
which also the content of the most important impurities are stated. In the same table,
also the composition of three examined reference materials, 7P, 8P, and 9P, taken from
the applicant’s production, are stated. These steels correspond to the steels 7N, 8N, and

25 9N, which have the nominal compositions stated in Table 1. Also the reference
materials were manufactured as 65 ton heats in an electric arc furnace. All the heats
were bottom casted to the shape of ingots. The ingots which were manufactured of steel
9P were also refined by ESR remelting. The ingots, including the ESR ingots, were
forged to the shape of bars having different dimensions. The bars were subjected to

30  different heat treatments before test samples were taken out. The dimensions and heat
treatments of the examined bars are given in Table 8.

Then three more production heats with chemical compositions according to the
invention, each of 65 tons, were manufactured in the electric arc furnace. From the

35  steels, there were produced electrodes, which were subjected to ESR (Electro Slag
Refining). The ESR ingots were forged to the shape of bars with different dimensions.
These bars were also subjected to different heat treatments before test samples were
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Table 8 - Bar dinensions and heat treatnents Steel No Bar

Heat treatnment 7P 0315 TA 960 C, 30 min Temerin 200C, 2x2h 8P Broad fl at
bar, TA 950 C, 30 min Thickness 102 nun Tenpering 200C, 2x2h 9P 0330 nm
TA 1050 C, 30 m n Tenpering 575C, 2x2h 9P Flat bar, 350x127 nun | op
03501m TA 1025 C, 30 mn Temerin 525C, 2x2h lop Flat bar, -" 396x136 mm
lip Flat bar TA 1020 C, 30 mn 396x136 nm Tenpering 525C, 2x2h 12P 0 350

are given in Table 7 and their dinmensions and heat treatnegtﬁggg_&%gle 8.
i i 9 mm

nm TA 1000 C, 30 min Tenpeling p50C, 2x2h 13P Flat bar TA 1000 C, 30 min
596x346 mm Tenperiing S80C 2x2h |5 | 1 DEC 2006 16 p ~ mc? NU 7 AC
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The samples which were taken out fiom the bars according to Table 8 were examined
with reference to hardness and impact toughness. The results are stated in Table 9. In
this table also the kind of test rod (all the test rods were un-notched) and the position of
the test rod in the bar are stated.
5  CL2 means test rod fiom a round bar, taken in the centre of the bar in the longitudal

direction of the bar and with the impact direction in the square direction of the bar,
CR2 means the same as CL2 but with the impact direction in the longitudal direction of
the bar (imnost unfavourable conditions),
TL2 means test rod from a flat bar and in other respects according to CR2,

10 LT2 means test rod from a flat bar and in other respects according to CL2, and
ST2 means test rod from a flat bar, taken out from the centre of the bar, in the shortest
square direction and with the impact direction in the longitudal direction (most
unfavourable conditions).

15 Table 9 — Hardness and impact toughness of examined steels manufactured
at a production scale

Steel No, type of test rod Hardness, HRC Impact toughness, J
and position
7P, CL2 58 42
8P, TL2 57 g3
9P, CL2 58 60
P, TL2 58 159
10P, CR2 57.5 58
10P, TL2 57.5 196
11P, LT2 55.9 336
11P, ST2 55.9 216
12P, CR2 57 285
13P, ST2 57.7 239

As is shown in Table 9, the hardnesses of the examined steels were equally good, but

20 required, as far as steels 7P and 8P are concerned, low temperature tempering with its
known drawbacks. The comparatively good impact toughness of steel 8P, however, in
the first place must be attributed to the thinner dimension of the examined flat bar made
of that steel. For steel 9P, only a moderately good impact toughness was achieved,
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Finally it may be noted that the impact toug]mcss of the steels 11P, 12P, and 13P of the

10  invention, have been strongly improved by the ESR remelting as compared with the non
ESR remelted material, steel 10P.
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attributed to the thinner dinmension of the exam ned flat bar nmade of that
steel. For steel 9P, only a noderatel y;[good inpact toughness was achi eved,
1 1 DEC 2006 is although the steel was ESR refined. The neasured val ue of
t he i mpact toughness of the round bar of steel 10P, 58 J, was only
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PATENT CLAI M5 1.7°St , characteri sedinthat it has the

fol | owi ng cheni é&7.¢&nposition in weight-% 5 0.43-0.60C fromtraces to
0.5 Si  from,traces 0.5 (S +Al 0,1-2.0 Mh 3.0-7.0 C 10 2.1 - 4.0 ( Mo+
f), homve?gm%ﬁl'.‘baWOJE)T{:E)@-}S‘?)WGW@)Wa’frﬁi. 0.1 of each of Nb, Ti and Zr max.
2.0 Co max. 2.0 .0*‘?’%?@' ance essentially only iron and unavoi dabl e
2. Steel’,

i mpurities. har acteri sedinthat it has the
fol | owi ng cheni degx. B3 rmesahtaf oy, Tirand Zr

max. 2.0 Co

max. 2.0 Ni

15 balance essentially only iron and unavoidable impurities.

2. 8teel, characterised inthat it has the following chemical composition in
weight-%:

0.43-0.60C

20 from traces to 1.5 Si
from traces to 1.5 (Si+Al)
0.1-2.0 Mn
3.0-7.0Cr

w
1.5-40 (Mo+--2—), however at least 2,1 Mo and max 1.0 W
25 030070V

max. 0.1 of each of Nb, Ti and Zr
max. 2.0 Co

max. 2.0 N1

balance essentially only iron and unavoidable impurities.
30

3. Steel according to any of claims 1-2, characterised inthatit contains at least
0.44, suitably at least 0.46 C.

4. Steel according to claim 3,characterised inthatit contains max. 0.55,
35 suitably max. 0.53 C.



weight % 0.43-0.60C 20 fromtraces to 1.5 Si fromtraces to 1.5 +Al)
0.1-2.0 M1 3.0-7.0 O 1.5 - 4.0 (M+ f ), however at least 2. 1 BbC aiigh max
1.0 W 25 0.30-0.70 V max. 0.1 of each of Nb, Ti and Zr max. 2.0 Co

2.0 N balance essentially only iron and unavoidable inpurities. 30 3.
Steel according to any of clainms 1-2, char acteri sedinthat it
contains at least 0.44, suitably at jpeast 0.46 C. 4. Steel according to
claim3, char act er i s edinthat it contains max. 0.55, 35 suitably
max. 0.53 C. 1 1 DEC 2006 20 5. Steel according to any of clains 1-4, c h

aracterisedin that it contains at least 0.40, suitably at |east
0.45 V. 6. Steel accordin lai m5 It ar e. d hat it
cont ai ns max. 0 EH acced @%g 3| Clrigs 1 ’&)Cgt?‘\ﬁctfﬂélteé% ”é?:td%?oﬁahng”{%dsény of
clains 1-6, c U040, suitably aClebstd45V. s e d in that it contains about 0.49 C
and about 0.52 V. 10 8. Steel according to any of clains 1-6, characterised
inthat it con | east 9. Steel ordlngto
claim8, char T R e RS i Bk £1° £0 o 15 Tt ety 1, 1G5

Si. 15 10. %t ewlitallyoordd.69Vto claim 9, character i s e d in that it
contains nomnally 0.2 Si. 11. Steel according to any of claims 1-10,
character i s it coptain af e

Sur bl y . G S AeronBis focat ORI AI G et o 04 AR I ISpon g
according to aﬁgﬁ%?artdlaaowté)m\il clt ar act er i sedinthat it
cont ai ns max.

10 8. Steel according to any of claims 1-6, characterised inthat it contains at least
0.05 and max. 0.5 Si.

9. Stee] according to claim 8, characterised inthat it contains at least 0.1 and
max. 0.5 Si.
is

10. Stee] according to claim 9, charactierised in thatit contains nominally 0.2 Si.

11. Steel according o any of claims 1-10,characterised in that it contains max.
0.5, preferably max. 0.3, suitably max. 0.1 and most conveniently max. 0.03 Al
20

12. Steel according to any of claims 1-11, characterised inthat it contains max.
3.2 Mo.

13, Steel according to claim 12, characterised inthat it contains max. 2.6 Mo.
25

14. Steel according to claim 12 or 13, characterised inthat it contains max. 0.3,
suitably max. 0.1 W,

15, Steel according to claim 14, characterised inthat it does not contain
30 tungsten exceeding impurity level,

16. Steel according to any of claims 1-15, characterised inthat it contains max.
0.7 Co.

35 17. Steel according to claim 16,chatracterised inthat it does not contain cobolt
exceeding impurity level.



3.2 Mb. 13. Steel according to claim12, character i s e d in that it
contains max. 2.6 Mb. 25 14. Steel according to claim 14 6rﬂﬁ§2ﬂ@haracter

i sedinthat it contains max. 0.3, suitably max. 0.1 W 15. Steel
according to claim14, char act er i s e din that it does not contain 30
tungsten exceeding inpurity level. 16. Steel according to any of clains

1- 15, character i s e din that it contains max. 0.7 Co. 35 17. Steel
according to claim16, char act er i s e d in that it does not contain
cobolt exceeding inpurity level. 1 1 DEC 2006 21 18. Steel according to
any of clains 1-17, character i s edin that it contains may. 1.0 N . 19.

Steel accordiRgskg a%o%xﬁ%%%ny%h@éﬁﬁtleﬁ bh$r@ cdeirMs b ldadh thdt itcontaims mex.max. 0.7
Ni. 5 20. SteeL according to claim19, character i s e din that it

contains 0. 3- ‘Ni. 21. Steel according toclaim20, char acteri s
edinthat it does not contain nickel exceeding inmpurity level. 10 22.

Steel accor di {tg sted) ABKIRE tCHBA, $14%2 2R3N 366 that & cBniddink Makh@! Nt he
content of, each of the elenents titanium zi rconl um and ni obi um does not

exceed 0.1"% 23. Steel according to claim?22, c ar acter sedin
that the cont @hiStestaceondngdé claineld, 23 s 2ctterrttis etd tnathﬁl‘tuiiﬁonﬁt}ﬂé’o%? Fﬁ‘and
ni obi um does not exceed 0.03 % 24. Steel accordl ng toclaim23, c har a

cter. n.that..t on nt of each of t.afl.um
zi r coni um andzﬁ é&?ﬁl fﬁ?\oﬁig&o %ﬂ 2 S B 00" St & gl‘rna1 {i B{e(%n{r?glt exceed
0.005% 20 25ex®eding inpuityrlgvelg to any of clains 1-24, char acteri s

e din thaly the steel does not contain nore than max. 0.035% preferably
max. 0.015% a ui.t abl X. 0-.0L0%.P 6. Steel r.di , of
clainms 1-25, rCH S?gelraccéar%ngn% an?/o‘f‘ggmg 1d21 %aﬁgctertse %tﬂit@lgeéoﬁtew TBX
20 ppm pr ef ereah of theaslemants {pping, lemu@ta@élnmhww net axecedty! 6f cl ai ns
1-26, c har act er i s edinthat the steel contains max. 30 ppm

preferably 8%y, %t%eipa%&rdi%g go (ﬁa%ntf’z? |c¥1 AT ot e]f? 8 Qﬁni]n%at the content of each of the
15  elements titanium, zirconium and niobium does not exceed 0.03 %.

24, Steel according to claim 23, characterised inthat the content of each of the

elements titanium, zirconium and niobium does not exceed 0.01%, preferably does not
exceed 0.005%.
20

25. Steel according to any of claims 1-24, characterised inthat the steel does not
contain more than max. 0.035%, preferably max. 0.015% and suitably max. 0,010%P.

26. Steel according to any of claims 1-25, characterised inthat the steel contains
25 max. 20 ppim, preferably max. 10 ppm O.

27. Steel according to any of claims 1-26, characterised inthatthe steel contains
max. 30 ppm, preferably max. 15 ppm, and suitably max. 10 ppm N,

30 28 Steel according to any of claims 1-27, characterised inthatit contains max.
0.03%, preferably max. 0.01%, and suitably max. 30 ppm S.

29. Steel according to any of claims 1-27, characterised in that it contains 0.10-
0.30% S.

35

30. Steel according to claim 29, characierised inthat it contains 5-75 ppm Ca
and 50-100 ppm O, preferably 5-50 ppm Ca and preferably 60-90 ppm O.



30 28. Steel according to any of clainms 1-27, char act er i s e d in that
it contains max. 0.03% preferably max. 0.01% and suitablly {nB&C 20t ppm S.
29. Steel according to any of clains 1-27, character i s e d in that it
contains 0.10- 0.30%S. 35 30. Steel according to claim?29, character i s e
dinthat it contains 5-75 ppm Ca and 50-100 ppm O, preferably 5-50 ppm Ca
and preferably 60-90 ppm 0. 1 1 DEC 22206 22 31. Steel according to any of
claims 1-30, char acter i sedinthat it after hardening and high
tenperature tenpering at 500-570 C, preferably at 520-560 C, has a hardness
of 54-59 HRC, preferably 56-58 HRC. 5 32. Steel according to any of clains
1- 31, char act ePliSteel accgrding tphay of ¢laiins 1SR h perel eeds ¢ 83n thvbitlaflerthordenifpr

PLaSL] ©\aToul 0 Ros igmosiganiuie edybingiesnb-sog aorlitiny & AL COARMRtnds 32,
. u | [ [ ,
eri sed in%?kgﬁgiﬁ%@’gfe%%&lﬂg#agmg and hi gﬁ tenperature tenpering at
500-570C, preferably at 520- 560C, has a hardness of 54-59 HRC, preferably
56-58 HRC. 5  32. Steel according to any of claims 1-31, characterised inthatitis BSR

remelted.

33. Mould tool for plastic moulding, manufactured of steel according to any of claims
1-32.
10

34. Mould too} for plastic moulding according to claim 33, characterised inthat

it after hardening and high temperature tempering at 500-570°C, preferably at 520~
360°C, has a hardness of 54-59 HRC, preferably 56-58 HRC.



