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(57) ABSTRACT 

A Steel article consists of an alloy which consists in weight 
%: 1.7-2.5; 0.1-2.0 Si; 0.1-2.0 Mn; max 0.2 N; max 0.2 S; 
12 16 Cr; 2.1-3.5 (Mo--W/2); 5-8 V; max 0.1 Nb, balance 
essentially only iron and unavoidable impurities. The Steel 
has a micro-structure obtainable by a manufacturing of the 
Steel which comprises spray forming of an ingot, the micro 
structure of which contains 14-25 vol-% carbides of mainly 
MC-type, where M Substantially consists of vanadium, of 
which carbides at least 80 vol-% have a substantially 
rounded shape and a size in the longest extension of the 
carbides amounting to 1-10 tim, and MC-carbides, where 
M Substantially consists of chromium, which carbides typi 
cally have a more elongated shape than the MC-carbides, of 
which MC-carbides at least 80 vol-% have a maximal 
extension amounting to 3-50 um. 
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STEEL ARTICLE 

TECHNICAL FIELD 

0001. The invention concerns an article made of steel 
having features which are desirable for plastic mould steels 
intended to be used for any of the following fields of 
application: 

0002 elements, e.g. screws and barrels for feeding 
and conducting plastic masses in machines for the 
manufacturing of plastic components, e.g. elements 
in injection moulding and extrusion assemblies, and 

0003) mould tools and tool parts for injection moul 
ding of plastic materials. 

0004 Particularly the invention concerns objects of steel 
having excellent wear resistance, good corrosion resistance, 
hardenability, and tempering resistance as well as adequate 
toughness, features which make the Steel Suitable to be 
employed within Said fields of application. The use of Steel 
articles according to the invention, however, is not limited to 
Said fields of application but can be employed also for a 
variety of other applications, where Said features are neces 
Sary or desirable, e.g. details in pumps for feeding wearing 
media and for wear parts in machines and other equipments, 
just to mention Some. 

BACKGROUND OF THE INVENTION 

0005 For parts of the above mentioned fields of appli 
cation there is today used a steel which is known under the 
trade name ELMAXTM, which is a high alloyed, powder 
metallurgy manufactured chromium-Vanadium-molybde 
num Steel having good wear resistance and corrosion resis 
tance. The Steel has the following nominal chemical com 
position in weight-%: 1.7 C, 0.8 Si, 0.3 Mn, 18.0Cr, 1.0 Mo, 
3.0 V, balance iron and impurities. The steel has a high wear 
resistance and corrosion resistance, which makes a manu 
facturing of moulds for plastic moulding having a long 
working life possible. The Steel is used e.g. in the electronic 
industry for the manufacturing of couplings, contacts, resis 
tances, and integrated circuits, but can also be used in the 
food industry, where corrosion resistance is required from 
Sanitary reasons, at the same time as the wear resistance is 
an essential factor. 

0006. However, there is a demand for a steel having a still 
better combination of excellent wear resistance, hardenabil 
ity, tempering resistance, and corrosion resistance, particu 
larly for elements Such as Screws and barrels for feeding and 
conducting plastic masses in equipments for injection moul 
ding of plastic materials. 

DISCLOSURE OF THE INVENTION 

0007. It is the purpose of the invention to provide steel 
articles which satisfy the above mentioned demands. This 
can be achieved therein that the article is manufactured of a 
Spray formed Steel material having a chemical composition 
in weight-% and with a micro-structure which are Stated in 
the appending patent claims. 
0008 Further, as far as the alloy elements which are 
included in the Steel are concerned, the following applies. 
0009 Carbon shall exist in a sufficient amount in the steel 
in order, in the hardened and tempered condition of the Steel, 
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to form, in combination with vanadium, 3-8 vol-% MC 
carbides, in which M Substantially is Vanadium and, in 
combination with chromium, 10-20 vol-% M,C-carbides, 
in which M Substantially is chromium, the total amount of 
MC-carbides and MC-carbides amounting to 14-25 vol-%, 
and also exist in Solid Solution in the martensitic matrix of 
the steel in the hardened condition in an amount of 0.2-0.7 
weight-%, preferably 0.3-0.6 weight-%. Suitably the amount 
of dissolved carbon in the matrix of the steel is about 0.5%. 
The total amount of carbon in the steel, i.e. carbon which is 
dissolved in the matrix of the steel plus the carbon that is 
bound in carbides shall be at least 1.7%, preferably at least 
1.8%, while the maximum content of carbon may amount to 
2.5%, preferably not more than 2.3%. 

0010. The article of the invention is manufactured by a 
technique which includes spray forming, in which drops of 
molten metal are sprayed against a rotating Substrate on 
which the drops rapidly Solidify to form a Successively 
growing ingot. The ingot then can be hot worked by forging 
and/or rolling to desired shape. At the Solidification of the 
drops Said carbides are formed, which are evenly distributed 
in the ingot and thence in the final product. Due to the 
controlled rate of solidification of the drops, which is slower 
than during manufacturing of metal powder by atomising a 
Stream of molten metal and rapid cooling of the formed 
droplets, but essentially more rapid than during conventional 
ingot manufacturing, continuous casting and/or ESR-remelt 
ing, the carbides have Sufficient time to grow to a size which 
has turned out to be very favourable in the article according 
to the invention. Thus the MC-carbides can be caused to 
achieve an essentially rounded shape, Such that at least 80 
vol-% of the MC-carbides obtain a size in the longest 
extension of the carbides amounting to 1-10 tim, preferably 
at least 5 um, while the M7C-carbides typically achieve a 
more elongated shape than the MC-carbides, Such that at 
least 80 vol-% of the MC-carbides get a maximum extension 
which amounts to 3-50 um, preferably at least 10 um. 
0011 Nitrogen optionally may be added to the steel in 
connection with the Spray forming to a maximal amount of 
0.20%. According to the preferred embodiment of the inven 
tion, however, nitrogen is not intentionally added to the Steel 
but will nevertheless exist as an unavoidable element in an 
amount of max 0.15%, normally max 0.12%, and is then not 
a harmful ingredient. To the contrary, the nitrogen may have 
a favourable effect by forming Vanadium and chromium 
carbonitrides in combination with carbon. Thus a minor 
fraction of carbonitrides may be included in the above 
mentioned volume contents of MC- and M,C-carbides. 
0012 Silicon is present as a residue from the manufac 
turing of the Steel and exists normally in an amount of at 
least 0.1%, preferably at least 0.2%. The silicon increases 
the carbon activity in the steel and therefore contributes to 
affording the Steel an adequate hardneSS without causing 
embrittlement problems. Silicon, however, is a strong ferrite 
former and must therefore not exist in amounts above 2.0%. 
Preferably, the steel does not contain more than max 1.0% 
Silicon. 

0013 Manganese also exists as a residue from the manu 
facturing of the Steel and binds the low amounts of Sulphur 
which may exist in the Steel by forming manganese Sulphide. 
Manganese therefore should exist in an amount of at least 
0.1%, preferably in an amount of at least 0.2%. Manganese 
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also promotes the hardenability, which is favourable, but 
must not exist in amounts above 2.0% in order to avoid 
embrittlement problems. Preferably, the steel does not con 
tain more than max 1.0% Mn. A nominal content of man 
ganese is 0.5%. 
0.014 Chromium shall exist in an amount of at least 12%, 
preferably in an amount of at least 13% in order to afford the 
Steel a desirable corrosion resistance. Furhter chromium is 
an important carbide former and forms M7C-carbides 
together with carbon, which carbides in combination with 
the MC-carbides contribute to a desired wear resistance. 
Chromium also strongly promotes the hardenability. The 
term hardenability means the capacity of achieving a high 
hardness more or less deep in the article that shall be 
hardened. The hardenability shall be sufficient for the article 
to be through hardened even if the article has comparatively 
large dimensions, without employing very rapid cooling in 
oil or water at the hardening operation, which might cause 
dimension changes. The hardneSS in the Steel shall be at least 
55 HSC, suitably 58-64 HRC, after tempering. Chromium, 
however, is a Strong ferrite former. In order to avoid ferrite 
after hardening from 1020-1150° C., the chromium content 
must not exceed 16%, preferably max 15.5%. A suitable 
chromium content is 13.2-14.5%, nominally 14.0%. 
0.015 Vanadium shall exist in the steel in an amount of 
5.0-8.0% in order, together with carbon and possibly nitro 
gen, to form said MC-carbides or carbonitrides in the 
martensitic matrix of the Steel in the hardened and tempered 
condition. Preferably, the steel contains at least 6.1% and 
max 7.5% V. A suitable vanadium content is 6.3-7.3%, 
nominally 6.8% V. 
0016. In principle, vanadium may be replaced by nio 
bium for the formation of MC-carbides, but for this twice as 
much niobium is required as compared with Vanadium, 
which is a drawback. Further, niobium has the effect that the 
carbides will get a more edgy shape and be larger than pure 
Vanadium carbides, which may initiate ruptures or chippings 
and therefore reduce the toughness of the material. This may 
be particularly Serious in the Steel of the invention, the 
composition of which has been optimised for the purpose of 
achieving an excellent wear resistance in combination with 
a high hardneSS and tempering resistance, as far as the 
mechanical features of the material are concerned. The Steel 
therefore must not contain more than max 0.1% niobium, 
preferably max 0.04% niobium. According to the most 
preferred embodiment, niobium is tolerated only as an 
unavoidable impurity in the form of a residual element from 
the raw materials which are used in connection with the 
manufacturing of the Steel. 
0017 Molybdenum shall exist in an amount of at least 
2.1%, preferably at least 2.3%, in order to afford the steel a 
desired hardenability in combination with chromium and the 
limited amount of manganese. Molybdenum also contributes 
to the corrosion resistance of the Steel but is a strong ferrite 
former. The steel therefore must not contain more than 3.5% 
Mo, preferably max 3.0, Suitably max 2.5%. 
0.018. In principle, molybdenum may completely or 
partly be replaced by tungsten, but for this twice as much 
tungsten is required as compared with molybdenum, which 
is a drawback. Also the use of any Scrap will become more 
difficult. Therefore tungsten should not exist in an amount of 
more than max 1.0%, preferably max 0.5%. Most conve 
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niently, the Steel should not contain any intentionally added 
tungsten, which according to the most preferred embodi 
ment of the invention is tolerated only as an unavoidable 
impurity in the form of a residual element from the raw 
materials which are used in connection with the manufac 
turing of the Steel. 

0019 Besides the mentioned alloy elements the steel 
does not need, and should not, contain any more alloy 
elements in Significant amounts. Some elements are defi 
nitely undesired, because they may have an undesired influ 
ence on the features of the Steel. 

0020. This is true, e.g. as far as phosphorus is concerned, 
which should be kept at as low level as possible, preferably 
at max 0.03%, in order not to have an unfavourable effect on 
the toughness the Steel. Also Sulphur in most respects is an 
undesired element, but its negative effect on, in the first 
place, the toughness, essentially can be neutralised by means 
of manganese, which forms essentially harmless manganese 
Sulphides, wherefore Sulphur may be tolerated in a maximal 
amount of 0.2% in order to improve the machineability of 
the steel. Preferably, the steel, however, normally does not 
contain more than max 0.1%, preferably max 0.05% sulphur. 
0021 Further features and aspects of the invention will 
be apparent from the following description of performed 
experiments and from the appending patent claims. 

BRIEF DESCRIPTION OF DRAWINGS 

0022. In the following description of performed experi 
ments, reference will be made to... the accompanying draw 
ings, in which 
0023 FIG. 1 is a photography which shows the micro 
Structure of a portion of an article according to the invention, 
0024 FIG. 2 shows tempering curves for a number of 
examined Steel alloys, 
0025 FIG. 3 shows a section of the curves of FIG. 2 at 
a larger Scale, 
0026 FIG. 4 in the form of a chart illustrates the hard 
enability of a Steel according to the invention and of two 
reference materials with data from CCT-diagrams, 
0027 FIG. 5 shows the abrasive wear resistance of a 
Steel according to the invention and of two reference mate 
rials, and 

0028 FIG. 6 illustrates the corrosion resistance of the 
examined materials in the form of the corrosion current, I 
from the polarisation curves of the materials. 

cr2 

DESCRIPTION OF PERFORMED TESTS 

Materials 

0029. The chemical compositions of the materials which 
are included in the test series are stated in Table 1. Steels No. 
1 and 2 are reference materials. Both are powder metallurgy 
manufactured. Steel No. 1 is a commercial Steel of type 
ELMAXTM, which has been mentioned in the description of 
the background of the invention, and Steel No. 2 is another 
commercially available steel. Steels No. 3A and No. 4A refer 
to aimed compositions, while steel No. 3 and No. 4 are 
analysed compositions of two Steels, the contents of Vana 
dium of which lie in the lower and the upper Section, 
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respectively, of the widest aspects of the chemical compo 
Sition of the Steel of which the article according to the 
invention is made. The Steels 3 and 4 have been manufac 
tured by the So called Spray forming technique, which also 
is referred to as the OSPRAY-method, according to which an 
ingot, which rotates about its longitudinal axis, Successively 
is established from a molten material which in the form of 
drops which are sprayed against the growing end of the ingot 
that is produced continuously, the drops being caused to 
Solidify comparatively rapidly once they have hit the Sub 
Strate, however not as fast as when powder is produced and 
not as slow as in connection with conventional manufactur 
ing of ingots or in connection with continuous casting. More 
Specifically, the drops are caused to Solidify So rapidly that 
formed MC- and M7C3-carbides will grow to the desired 
Size according to the invention. The Spray-formed ingots of 
steel No. 3 and of steel No. 4 hade a mass of about 2.9 and 
about 2.2 tons, respectively. The diameter of the ingots was 
about 500 mm. The spray-formed ingots of steel No. 3 and 
steel No. 4 were heated to a forging temperature of 1100 C. 
and were forged to the shape of blanks for further exami 
nations. 

TABLE 1. 

Chemical composition, weight-% 

Steel, 
No. C Si Mn S Cr Mo V Nb N 

1. 1.71 O.84 O.30 O.O19 17.9 1.08 3.01 OO15 O.104 

2 2.41 O.29 O.43 O.O19 13.1 112 7.91 O.OO3 O.O83 
3A* 1.85 OSO 0.40 s.0.02O 14.O 2.3O 6.OO sO.10 
3 1.93 0.61 O.39 O.O19 13.7 2.32 S.64 O.O2 O.10 
4A 2.35 O.SO 0.40 s.0.O2O 14.4 2.3O 8.2O sO.10 
4 

* Aimed compositions 

0.030. In the studies which shall be explained in the 
following, steels No. 1, 2 and 3 were tested with reference 
tO 

0031 micro-structure 
0032 hardness versus austenitising and tempering 
temperature 

0033 hardenability 
0034) ductility 
0035 abrasive wear resistance 
0036 corrosion resistance 

Micro-Structure 

0037. The micro-structure of steels No. 1 and 2 is typical 
for powder metallurgy manufactured Steels, which implies 
that all carbides are very Small, max about 3 um, and evenly 
distributed in the matrix of the steel independent of its heat 
treatment. The micro-structure in the hardened, TA=1120 
C./30 min. and tempered, 525 C./2x2 h, condition, of steel 
No. 3 is apparent from FIG. 1, which shows a portion in the 
centre of an examined bar having the cross section 350x63.5 
mm. In the matrix of the Steel, which consists of tempered 
martensite, there are primary carbides of MC-type having a 
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typically rounded shape and a size of from about 1 um up to 
max about 10 um, and chromium carbides, M7C, having a 
Substantially more extended shape. The size of the chro 
mium carbides was max about 15x50 um in the centre of the 
bar. In the Surface of the bar, which also was examined but 
which is not shown in any picture, the MC-carbides as well 
as the chromium carbides were Somewhat Smaller; up to 
about 6 um and up to about 8x30 um, respectively. A 
macro-etched croSS Section of the rod also evidenced that the 
Structure is very even over the whole croSS Section. 

0038. The carbide content was examined by the point 
calculation method in a Scanning electron microScope. The 
measured total content of carbides in steel No. 3 was 20.4%, 
of which 15.4% were rich in chromium (M7C3) and 5% 
were rich in vanadium (MC). As far as steel No. 2 is 
concerned, the measured total content of carbides was 23.9 
vol-%, of which 13.1% were rich in chromium (7C3) and 
10.8% were rich in vanadium (MC). The measured total 
content of carbides in steel No. 1 was 14%, of which 13% 
were rich in chromium (M7C3) and 1% was rich in vana 
dium (MC). All carbide contents refer to vol-%. The heat 

Balance 

Fe and 
unavoidable 
impurities 

s 

treatment condition was TA=1120° C./30 min.--250 C./2x2 
h for steel No. 2 and steel No. 3 and TA=105C/30 min.+ 
250 C/2x2 h for Steel No. 1. 

Hardness after Heat Treatment 

0039. In the soft annealed condition, the steel according 
to the invention has a hardness (Brinell-hardness) of 200 
300 HB, typically about 250 HB. The influence of the 
tempering temperature on the hardness after austenitising 
between 1080 and 1150° C. is shown in FIG. 2. Steel No. 
3 exhibits a Stronger Secondary hardening than the two 
reference steels 1 and 2 after austenitising at 1120 and 1150 
C. and reaches a hardness of 63 HRC after tempering at 
5252x2 h. A section of the region which comprises the hump 
on the tempering curves is shown at a larger Scale in FIG. 
3. Steel No. 2 had the same hardness as steel No. 1 after 
austenitising at 1120° C., but a substantially lower temper 
ing resistance than both steel No. 1 and No. 3. 

Hardenability 
0040. The hardness versus the required time for cooling 
from 800 to 500° C. is shown graphically in FIG. 4. It is 
apparent from this chart that the hardenability of steel No. 3 
is significantly better than that of steel No. 1 and much better 
than that of steel No. 2. 
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Toughness 

0041. The impact energy was examined, un-notched test 
specimens being used after hardening from TA=1120 C/30 
min for steels Nos. 2 and 3, and from TA=1100 C/30 min. 
respectively, for Steel No. 1 after varying tempering tem 
peratures between 200 and 550°C. The dimension of the bar 
of the examined Steel, however, Varied, wherefore the results 
are not fully comparable. However, it could be settled that 
the impact energy of all examined Steels exceeded 10 J for 
all longitudinal Samples, which Satisfies the criteria as far as 
approvable impact toughneSS is concerned for the intended 
field of application of the article according to the invention. 

Abrasive Wear 

0042. The wear resistance was examined in the form of a 
pin-to-pin test using SiO2 as an abrasive agent. AS far as the 
dimensions and hardening temperatures of the examined 
Samples are concerned the following applies. Steel No. 1: Ø 
38 mm/TA=1100/30 min; steel No. 2: Ø 37 mm/TA=1120° 
C/30 min; steel No. 3:350x63.5 mm/TA=1120° C./30 min. 
The results are apparent from the bar chart in FIG. 5. This 
chart. illustrates that Steel No. 3 for all tempering tempera 
tures exhibited the by far best wear resistance. 

Corrosion Resistance 

0043. The corrosion resistance was measured via poten 
tial curves in 0.05 pHSO, pH=1.2. I at the active peak 
defines the relative corrosion resistance, which means that 
the corrosion current should be as low as possible. In the bar 
chart in FIG. 6, the different materials are compared as a 
function of the heat treatment condition. Steel No. 3 had the 
best corrosion resistance after tempering up to at least 400 
C. After tempering at 525 C., the corrosion resistance was 
reduced for all examined materials; steel No. 3 slightly more 
than steel No. 2 and considerably more than steel No. 1. It 
should, however, be observed, as far as this comparison is 
concerned, that Steel No. 3 after tempering had an essentially 
higher hardness than the comparative materials. 

Discussion 

0044) The described tests show that of steels according to 
the invention there can be manufactured articles having a 
very high wear resistance, which can be attributed to a 
combination of the hardness of the steel and its content of 
carbides in a Sufficient amount and of Sufficient size. Another 
important factor is the hardenability of the steel, which is 
very good and better than comparable Steels. Hardnesses of 
between 59 to 62 HRC in combination with an excellent 
corrosion resistance were measured after tempering at 200 
and 400° C. and hardness of between 61 to 63 HRC after 
tempering at 500 C. By tempering at about 525 C. there 
can be achieved a hardness peak of between 61 to 64 HRC. 
In the latter case Some corrosion resistance is lost, but the 
high hardneSS can be utilised for certain applications where 
high requirements on the corrosion resistance do not exist. 
The invention thus provides a pronounced flexibility with 
reference to the adaptility of the usefulness of the steel for 
various applications by choice of a Suitable heat treatment. 
Another important factor for the usability of the steel is its 
manufacturing, which is based on the Spray forming tech 
nique, which is essentially more economical than powder 
metallurgy manufacturing. 
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0045. It should also be realised that the article according 
to the invention may have any conceivable shape, including 
Spray formed ingots, blanks in the form of, e.g., plates, bars, 
blocks, or the like, which normally are delivered by the steel 
manufacturer in the Soft annealed condition with a hardneSS 
of 200-300 HB, typically about 250 HB to the customers for 
machining to final product shape, as well as the final product 
which has been hardened and tempered to intended hardneSS 
for the application in question. 

1. Steel article, characterised in that it consists of an alloy 
which contains in weight-% 

1.7-2.5 C 

0.1-2.0 Si 

O.1-2.0 Mn. 

max 0.2N 

max 0.2 S 

12-16 Cr 

2.1-3.5 (Mo+W/2) 
5-8 V 

max 0.1 Nb 

balance essentially only iron and unavoidable impurities, 
and that the Steel has a micro-structure obtainable by a 
manufacturing of the Steel which comprises spray 
forming of an ingot, the micro-structure of which 
contains 14-25 vol-% carbides of mainly MC-type, 
where M substantially consists of vanadium, of which 
carbides at least 80 vol-% have a substantially rounded 
shape and a size in the longest extension of the carbides 
amounting to 1-10 um, and M7C-carbides, where m 
Substantially consists of chromium, which carbides 
typically have a more elongated shape than the MC 
carbides, of which MC-carbides at least 80 vol-% have 
a maximal extension amounting to 3-50 um. 

2. Article according to claim 1, characterised in that the 
micro-structure contains 3-8 vol-% MC-carbides and 10-20 
vol-% M,C-carbides. 

3. Article according to claim 2, characterised in that it 
after hardening and tempering has a hardness of 55 to 64 
HRC. 

4. Article according to claim 3, characterised in that the 
martensitic matrix of the Steel after hardening and tempering 
contains 0.2-0.7 weight-% C in solid solution. 

5. Article according to any of claims 1-4, characterised in 
that the total content of C in the steel is at least 1.8%. 

6. Article according to any of claims 1-4, characterised in 
that the total content of C in the steel is max 2.3%. 

7. Article according to any of claims 1-6, characterised in 
that the steel contains 0.2-1.0% Si. 

8. Article according to any of claims 1-7, characterised in 
that the steel contains 0.2-1.0% Mn. 

9. Article according to any of claims 1-8, characterised in 
that the steel contains at least 13% Cr. 

10. Article according to any of claims 1-9, characterised 
in that the steel contains max 15.5% Cr. 

11. Article according to claim 10, characterised in that the 
steel contains 13.2-14.5% Cr. 

12. Article according to any of claims 1-10, characterised 
in that the steel contains at least 6.1% V. 
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13. Article according to any of claims 1-11, characterised 
in that the steel contains max 7.5% V. 

14. Article according to claims 12 and 14, characterised in 
that the steel contains 6.3-7.3% V. 

15. Article according to any of claims 12-14, character 
ised in that the steel does not contain more than max 0.04 
Nb. 

16. Article according to any of claims 1-15, characterised 
in that the steel contains at least 2.3% Mo. 

17. Article according to any of claims 1-15, characterised 
in that the steel contains max 3.0% Mo. 

18. Article according to any of claims 1-17, characterised 
in that the steel does not contain more than max 1.0% W. 
preferably max 0.5% W. 

19. Article according to any of claims 1-18, characterised 
in that the steel does not contain more than max 0.1% S, 
preferably max 0.05% S. 
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20. Article according to any of claims 3-19, characterised 
in that it after hardening and tempering at a temperature 
between 180-220° C. has a hardness of 55-62 HRC, pref 
erably at least 59 HRC. 

21. Article according to any of claims 3-19, characterised 
in that it after hardening and tempering at a temperature 
between 380 and 450° C. has a hardness of 55-62 ARC, 
preferably at least 59 ARC. 

22. Article according to any of claims 3-19, characterised 
in that it after hardening from a temperature between 480 
and 520 C. has a hardness of 60-63 HRC. 

23. Article according to any of claims 3-19, characterised 
in that it after hardening from a temperature between 510 
and 530 C. has a hardness between 61 and 64 HRC. 


