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The invention concerns a method for making an abrasion 
resistant steel plate having a chemical composition compris 
ing: 0.35%sCs 0.8%, 0%sSis2%, 0%sAls2%, 
0.35%sSi+Als2%, 0%s Mns2.5%, 0%sNis5%, 
0%sCrs 5%, 0%s Mos0.50%, 0%s Wis 1.00%, 
0.1%s Mo--W/2s 0.50%, 0%sBs 0.02%, 0%sTis2%, 
0%sZrs4%, 0.05%sTi+Zr/2s2%, 0%s Sis0.15%, Ns0. 
03%; optionally from 0% to 1.5% of Cu: optionally Nb, Ta or 
V with Nb/2+Ta/4+Vs:0.5%; optionally less than 0.1% of Se, 
Te, Ca, Bi or Pb: the rest being iron and impurities; the 
composition satisfying: 0.1%sC*-C-Ti/4-Zr/8+7xN/8s0. 
55% and 1.05XMn+0.54xNi+0.5OxCr+0.3x(Mo+W/2)'+ 
K> 1.8, with K=0.5 if B20.0005% and K=0 if B-0.0005% 
and Ti-Zr/2-7xN/220.05%; hardening after austenitization 
while cooling at a speed >0.5°C/s between a temperature 
>AC, and ranging between T-800-270xC*-90xMn-37x 
Ni-70xCr-83x(Mo+W/2) and T-50° C.; then at a core speed 
Vrz115xep'7between Tand 100° C., (ep plate thickness in 
mm); cooling down to room temperature. The invention also 
concerns the resulting plate. 
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METHOD FOR MAKING AN 
ABRASION-RESISTANT STEEL, PLATE AND 

PLATE OBTANED 

0001. This is a divisional of application Ser. No. 10/535, 
418 filed May 19, 2005, which is a S371 of PCT/FR03/03359 
filed Nov. 13, 2003, which are hereby incorporated by refer 
CCC. 

0002 The present invention relates to an abrasion-resis 
tant steel and its production method. 
0003. Abrasion-resistant steels are well known and are 
generally steels having great hardness (of from 400 to 500 
Brinell), having a martensitic structure and containing from 
0.12% to 0.3% of carbon. It is generally taken that, in order to 
increase the wear-resistance, it is simply necessary to 
increase the hardness, but that is done to the detriment of other 
properties, such as, for example, Suitability for welding or 
forming by bending. In order to obtain steels having both very 
good wear-resistance and good suitability for use, therefore, 
means other than increasing the hardness have been sought. 
0004 Thus, it has been proposed in EP 0527 276 and U.S. 
Pat. No. 5.393.358 to improve the abrasion-resistance of a 
steel which contains from 0.05% to 0.45% of carbon, up to 
1% of silicon, up to 2% of manganese, up to 2% of copper, up 
to 10% of nickel, up to 3% of chromium and up to 3% of 
molybdenum, boron, niobium and Vanadium, by adding from 
0.015% to 1.5% of titanium, in order to form coarse titanium 
carbides. That steel is quenched and consequently comprises 
a martensitic structure, the increase in abrasion-resistance 
being obtained by the presence of coarse titanium carbides. 
However, more particularly when the steel is cast in bars, that 
improvement is limited because, under the effect of abrasive 
stresses, the carbides become separated and no longer serve 
their purpose. Furthermore, in those steels, the presence of 
coarse titanium carbides inhibits ductility. Consequently, 
plates produced with those steels are difficult to planish and 
bend, which limits their possible uses. 
0005. The object of the present invention is to overcome 
those disadvantages by providing an abrasion-resistant Steel 
plate which has good Surface evenness and which, all things 
otherwise being equal, has abrasion-resistance which is better 
than that of known steels. 

0006 To that end, the invention relates to a method for 
producing a workpiece, and in particular a plate, of Steel for 
abrasion, whose chemical composition comprises by weight: 

0.35% a C a 0.8% 

0% a Sig 2% 

O%3Al32% 

0.35% a Si+ Alg2% 

0% a Ming 2.5% 

O%3 Ne5% 

O%, a Crg 5% 

O%, a Mo a 0.50% 

O%, a W3 1.00% 

0.1% < Mo+W / 2 g 0.50% 
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-continued 
0% a Cug 1.5% 

O%3B a 0.02% 

O%, a T a 2% 

0% gZrg 4% 

0.05% sTi+Zrf 2 s. 2% 

O%, a S a 0.15% 

Ng 0.03% 

0007 optionally at least one element selected from Nb, 
Ta and V at contents such that Nbf2+Ta/4+V s0.5%, 

0008 optionally at least one element from Se, Te. Ca. 
Bi, Pb at contents which are less than or equal to 0.1%, 

the balance being iron and impurities resulting from the pro 
duction operation, the chemical composition further comply 
ing with the following relationships, with C*-C-Ti/4-Zr/8+ 
7XNA8: 

O.10%sC*s:0.55% 

and: 

Ti-Zrf2-7xN220.05% 

and: 

1.05xMn+0.54xNi+0.50xCr+0.3x(Mo+W/2) '+K>1. 
8, or more advantageously 2 

with: K=0.5 if B20.0005% and K=0 if B-0.0005%; 
according to the method, the workpiece or the plate is Sub 
jected to a thermal quenching processing operation which is 
carried out in the heat for forming in the hot state, such as 
rolling or after austenitization by reheating in a furnace, 
which consists in: 

0009 cooling the plate at a mean cooling rate greater 
than 0.5° C./s between a temperature greater than AC 
and a temperature of from T=800–270xC*-90xMn 
37xNi–70xCr-83x(Mo--W/2) to T-50° C., the tempera 
ture being expressed in C. and the contents of C, Mn, 
Ni, Cr, Mo and W being expressed as % by weight, 

0.010 then cooling the plate at a mean core cooling rate 
Vrz1150xep'7 (in C./s) and greater than 0.1° C./s 
between the temperature T and 100° C. ep being the 
thickness of the plate expressed in mm, 

0.011 and cooling the plate as far as ambient tempera 
ture, planishing optionally being carried out. 

0012 Quenching may optionally be followed by temper 
ing at a temperature of less than 350° C., and preferably less 
than 250° C. 
0013 The invention also relates to a workpiece, and in 
particular a plate, obtained in particular by this method, the 
steel having a structure which is constituted by from 5% to 
20% of retained austenite, the remainder of the structure 
being martensitic or martensitic/bainitic with carbides. When 
the workpiece is a plate, its thickness may be from 2 mm to 
150 mm and its surface evenness may be characterized by a 
deflection which is less than or equal to 12 mm/m, and pref 
erably less than 5 mm/m. 
0014 When the carbon content is such that: 

0.1%aC-Ti/4-Zrf8+7xN/8e0.2%, 

the hardness is preferably from 280 HB to 450 HB. 
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0.015. When the carbon content is such that: 

the hardness is preferably from 380 HB to 550 HB. 
0016. When the carbon content is such that: 

the hardness is preferably from 450 HB to 650 HB. 
0017. The invention will now be described in greater 
detail, but in a non-limiting manner, and illustrated with ref 
erence to examples. 
0018. In order to produce a plate according to the inven 

tion, a steel is produced whose chemical composition com 
prises, in % by weight: 

(0019 from 0.35% to 0.8% of carbon, and preferably 
more than 0.45%, or more than 0.5%, and from 0% to 
2% of titanium, from 0% to 4% of zirconium, these 
contents having to be such that: 0.05%sTi-Zr/2s2%. 
The carbon is intended, firstly, to achieve a sufficiently 
hard martensitic structure and, secondly, to form tita 
nium and/or Zirconium carbides. The total Ti-Zr/2 must 
be greater than 0.05%, preferably greater than 0.10%, 
and, more advantageously still, greater than 0.3%, or 
even greater than 0.5%, so that there is a minimum of 
carbides formed, but must remain less than 2%, and 
preferably less than or equal to 0.9%, because above that 
level the toughness and the suitability for use are inhib 
ited. 

0020. From 0% (or trace levels) to 2% of silicon and 
from 0% (or trace levels) to 2% of aluminium, the total 
Si--Al being from 0.35% to 2% and preferably being 
greater than 0.5%, and more advantageously still greater 
than 0.7%. Those elements, which are deoxidants, fur 
ther have the effect of promoting the production of a 
metastable retained austenite which is heavily charged 
with carbon and whose transformation into martensite is 
accompanied by a large expansion promoting the 
anchoring of the titanium carbides. 

(0021. From 0% (or trace levels) to 2% or even 2.5% of 
manganese, from 0% (or trace levels) to 4% or even 5% 
of nickel and from 0% (or trace levels) to 4% or even 5% 
of chromium, in order to obtain an adequate level of 
quenchability and to adjust the various mechanical char 
acteristics or characteristics of use. Nickel has in par 
ticular an advantageous effect on the strength, but that 
element is expensive. Chromium also forms fine car 
bides in martensite or bainite. 

(0022. From 0% (or trace levels) to 0.50% of molybde 
num. That element increases the quenchability and 
forms, in martensite or bainite, fine hardening carbides, 
in particular by precipitation owing to auto-tempering 
during cooling. It is not necessary to exceed a content of 
0.50% in order to obtain the desired effect, in particular 
with regard to the precipitation of hardening carbides. 
Molybdenum can be replaced, completely or partially, 
with twice the weight of tungsten. Nevertheless, this 
Substitution is not desirable in practice because it does 
not provide any advantage over molybdenum and is 
more expensive. 

(0023 Optionally, from 0% to 1.5% of copper. That ele 
ment can bring about an additional hardening without 
inhibiting the weldability. Above a level of 1.5%, it no 
longer has any significant effect, leads to hot-rolling 
difficulties and is needlessly expensive. 
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0024. From 0% to 0.02% of boron. That element can be 
added optionally in order to increase the quenchability. 
So that that effect is obtained, the content of boron must 
preferably be greater than 0.0005%, or more advanta 
geously 0.001%, and does not need to exceed substan 
tially 0.01%. 

0025. Up to 0.15% of sulphur. That element is a residue 
which is generally limited to 0.005% or less, but its 
content may be Voluntarily increased in order to improve 
machinability. It should be noted that, in the presence of 
Sulphur, in order to prevent difficulties concerning trans 
formation in the hot state, the content of manganese 
must be greater than 7 times the content of sulphur. 

0026. Optionally, at least one element selected from 
niobium, tantalum and Vanadium at contents such that 
Nbf2+Ta/4+V remains less than 0.5% in order to form 
relatively coarse carbides which improve the resistance 
to abrasion. However, the carbides formed by those ele 
ments are less effective than those formed by titanium or 
Zirconium and, for that reason, they are optional and 
added in a limited quantity. 

0027 Optionally, one or more elements selected from 
Selenium, tellurium, calcium, bismuth and lead at con 
tents of less than 0.1% each. Those elements are 
intended to improve machinability. It should be noted 
that, when steel contains Se and/or Te, the content of 
manganese must be such, taking into consideration the 
content of Sulphur, that manganese selenides or tellu 
rides can form. 

0028. The balance being iron and impurities resulting 
from the production operation. The impurities include in 
particular nitrogen whose content depends on the pro 
duction method, but generally does not exceed 0.03%. 
That element can react with titanium or Zirconium to 
form nitrides which must not be too coarse in order not 
to inhibit the strength. In order to prevent the formation 
of coarse nitrides, titanium and Zirconium may be added 
to the liquid steel in a very progressive manner, for 
example, by placing in contact with the oxidized liquid 
steel an oxidized phase, such as a slag charged with 
titanium or Zirconium oxides, then deoxidizing the liq 
uid steel in order to cause the titanium or Zirconium to 
diffuse slowly from the oxidized phase to the liquid 
steel. 

0029. Furthermore, in order to obtain satisfactory proper 
ties, the contents of carbon, titanium, Zirconium and nitrogen 
must be such that: 

0030. The expression C-Ti/4-Zr/8+7xN/8-C* represents 
the content of free carbon after precipitation of the titanium 
and Zirconium carbides, taking into consideration the forma 
tion of titanium and zirconium nitrides. That free carbon 
content C* must be greater than 0.1%, and preferably greater 
than or equal to 0.22%, in order to have martensite having a 
minimum hardness, but above 0.55% the strength and suit 
ability for use are excessively inhibited. 
0031. The chemical composition must further be selected 
so that the quenchability of the steel is sufficient, taking into 
consideration the thickness of the plate which it is desirable to 
produce. To that end, the chemical composition must comply 
with the following relationship: 

Quench=1.05xMn+0.54xNi+0.50xCr--0.3x(Mo--W2) 
'^+K>1.8 or more advantageously 2 



US 2008/0247903 A1 

with: K=0.5 if B>or equal to 0.0005% and K=0 if BC0. 
OOO5%. 
0032. It should be noted that, more particularly when 
Quench is from 1.8 to 2, it is preferable for the content of 
silicon to be greater than 0.5% in order to promote the for 
mation of retained austenite. 
0033. Furthermore, the contents of Ti, Zr and N must 
preferably be such that: Ti-Zr/2-7xN/220.05% and more 
advantageously greater than 0.1%, and even more advanta 
geously greater than 0.3%, so that the content of carbides is 
sufficient. 
0034 Finally and in order to obtain good abrasion resis 
tance, the micrographic structure of the steel is constituted by 
martensite or bainite or an admixture of those two structures 
and from 5% to 20% of retained austenite, that structure 
further comprising coarse titanium or Zirconium carbides, or 
niobium, tantalum or vanadium carbides, which are formed at 
high temperature. The inventors have established that the 
effectiveness of coarse carbides for improving abrasion resis 
tance could be inhibited by the premature separation thereof 
and that that separation could be prevented by the presence of 
metastable austenite which is transformed into new marten 
site under the effect of the abrasion phenomena. Since the 
transformation of the metastable austenite into new marten 
site is brought about by expansion, that transformation in the 
abraded Sub-layer increases the resistance to separation of the 
carbides and, in that manner, improves the abrasion resis 
tance. 

0035. Furthermore, the great hardness of the steel and the 
presence of embrittling titanium carbides make it necessary 
to limit insofar as possible the planishing operations. From 
that point of view, the inventors established that, by slowing 
down the cooling Sufficiently in the region of bainitic/mar 
tensitic transformation, the residual deformations of the prod 
ucts are reduced, which allows planishing operations to be 
limited. The inventors established that, by cooling down the 
workpiece or the plate at a cooling rate Vrz1150xep' (in 
this formula, ep is the thickness of the plate expressed in mm 
and the cooling rate is expressed in C./s), below a tempera 
ture T-800-270xC*-90xMn-37xNi-70xCr-83x(Mo+W/ 
2), (expressed in C.), firstly, the production of a significant 
proportion of residual austenite was promoted and, secondly, 
the residual stresses brought about by the phase changes were 
reduced. 
0036. In order to produce a very planar plate which has 
good abrasion resistance, the steel is produced and cast in the 
form of a slab or bar. The slab or bar is hot-rolled in order to 
obtain a plate which is subjected to thermal processing which 
allows both the desired structure and good Surface evenness to 
be obtained without further planishing or with limited plan 
ishing. The thermal processing may be carried out directly in 
the rolling heat or carried out Subsequently, optionally after 
cold-planishing or planishing at a medium temperature. 
0037. In order to carry out the thermal processing opera 

tion: 
0038 the steel is heated above the AC point in order to 
confer on it a completely austenitic structure, 

0039 then, it is cooled at a mean cooling rate greater 
than the critical bainitic transformation rate as far as a 
temperature which is equal to or slightly less than (by 
more than approximately 50°C.) a temperature T-800 
270xC*-90XMn-37xNi-70xCr-83x(Mo+W/2) (ex 
pressed in C.), 
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0040 then, the plate is cooled, between the temperature 
defined in this manner (that is to say, approximately 
from T to T-50° C.) and approximately 100° C., at a 
mean core cooling rate Vr of from 0.1° C./s, in order to 
obtain sufficient hardness, to 1150xep'7, in order to 
obtain the desired structure, 

0041 and the plate is cooled as far as ambient tempera 
ture, preferably but without being compulsory, at a slow 
rate. 

0042. Furthermore, it is possible to carry out a stress-relief 
processing operation at a temperature less than or equal to 
350° C., and preferably less than or equal to 250° C. 
0043. In this manner, a plate is obtained whose thickness 
can be from 2 mm to 150 mm and which has excellent surface 
evenness, characterized by a deflection which is less than 12 
mm per metre without planishing or with moderate planish 
ing. The plate has a hardness of from 280 HB to 650 HB. That 
hardness depends principally on the content of free carbon 
C*=C-Tif 4-Zrf8+7xNF8. 

0044. In accordance with the contents of free carbon C*, it 
is possible to define a plurality of ranges corresponding to 
levels of increasing hardness, and in particular: 
0045 a) 0.1%sC* s0.2%, the hardness is approximately 
from 280 HB to 450 HB, 

0046 b) 0.2%sC*s0.3%, the hardness is approximately 
from 380 HB to 550 HB, 

(0047 c) 0.3%sC*s0.5%, the hardness is approximately 
from 450 HB to 650 HB. 

0048 Since the hardness is a function of the content of free 
carbon C*, the same hardness can be obtained with very 
different contents of titanium or zirconium. With equal hard 
ness, the abrasion resistance becomes higher as the content of 
titanium or Zirconium becomes greater. Similarly, with an 
equal content of titanium or Zirconium, the abrasion resis 
tance improves as the hardness becomes greater. Further 
more, using the Steel becomes easier as the content of free 
carbon decreases, but with an equal content of free carbon, the 
ductility improves as the content of titanium decreases. All 
those considerations allow the contents of carbon and tita 
nium or zirconium to be selected that lead to all the properties 
which are most suitable for each field of application. 
0049 
example: 

0050 from 280 to 450 HB: scoops, skips for lorries and 
dump trucks, cyclone shielding, hoppers, moulds for 
aggregates, 

0051 from 380 to 550 HB: shielding for impact grind 
ers, bulldozer blades, grab bucket blades, grills for 
sieves, 

0.052 from 450 to 650 HB: plates for shielding cylinder 
type grinders, reinforcement elements for Scoops, rein 
forcement elements under leading blades, cut-water 
blade shields, leading edges. 

0053. By way of example, steel plates designated A to G 
according to the invention and H to Jaccording to the prior art 
are considered. The chemical compositions of the steels, 
expressed in 10% by weight, as well as the hardness, the 
content of residual austenite of the structure and a wear resis 
tance value Rus are summarized in Table 1. 

According to the hardness levels, the uses are, for 
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TABLE 1. 

C S A M N Cr Mo W T B 

A 360 8SO SO 1300 SOO 700 100 SOO 400 
B 640 8SO SO 400 1 SOO 700 110 450 62O 3 
C 590 S2O STO SSO 320 1850 470 S4O 
D 70S 460 630 1090 280 2450 430 100 825 
E 690 370 2S 74O 31 O 21 OO 460 795 
F 3SO 810 30 12OO 270 13SO 380 16O 2 
G. 390 790 35 1210 2SO 1340 390 40S 3 
H 340 380 30 1260 470 820 370 410 3 
I 31S 330 25 1230 180 1360 395 16S 2 
J 367 315 30 1215 21O 1375 405 430 2 

0054 The wear resistance value Rus varies as the inverse 
logarithm of the loss of weight of a prismatic test piece which 
is rotated in a container containing graded quartzite aggre 
gate. 
0055 All the plates have a thickness of 30 mm and the 
plates corresponding to steels A to G have been quenched in 
accordance with the invention, after austenitization at 900° C. 
0056. After austenitization, the cooling conditions are: 
0057 for the plates of steel B and D: cooling at a mean 
rate of 0.7°C./s above temperature T defined above and 
at a mean rate of 0.13° C.fs therebelow, in accordance 
with the invention; 

0.058 for plates of steel A, C, E, F, G: cooling at a mean 
rate of 6°C./s above temperature T defined above and at 
a mean rate of 1.4° C.fs therebelow, in accordance with 
the invention; 

0059 for the plates of steel H, I, J, given by way of 
comparison: austenitization at 900° C., followed by 
cooling at a mean rate of 20°C./s above temperature T 
defined above, and at a mean rate of 12°C./stherebelow. 

0060. The plates according to the invention have a mar 
tensitic/bainitic structure which contains from 5% to 20% of 
retained austenite, whereas the plates given by way of com 
parison have a completely martensitic structure, that is to say, 
martensitic and not containing more than 2 or 3% of retained 
austenite. All the plates contain carbides. 
0061. A comparison of the wear resistances shows that, 
with a similar hardness and content of titanium, the plates 
according to the invention have a coefficient Rus which is on 
average 0.5 greater than that of the plates according to the 
prior art. In particular, comparison of examples A and H 
which substantially differ in terms of the structure (content of 
residual austenite of 10% for A, completely martensitic struc 
ture for H) shows the incidence of the presence of residual 
austenite in the structure. It should be noted that the difference 
in content of residual austenite results from both the differ 
ence between the thermal processing operations and the dif 
ference between the contents of silicon. 

0062. It can further be observed that, all things substan 
tially being equal otherwise, the contribution to the wear 
resistance which can be attributed to the titanium carbides is 
significantly higher when their presence is combined with 
that of residual austenite in accordance with the invention 
than when those carbides are precipitated within a matrix 
which is substantially free from residual austenite. Thus, for 
similar differences in the contents of titanium (and therefore 
of TiC, the carbon still being in excess), the pair of steels F.G 
(according to the invention) differ distinctly from the pair of 
steels IJ in terms of increase in resistance brought about by 
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HB 9% aust Rus 

460 10 1.42 
555 14 2.72 
570 12 2.24 
S8O 13 3.14 
60S 10 2.83 
510 8 1.32 
495 11 1.77 
475 1 O.86 
515 2 0.7 
500 2 1.01 

the titanium. For FG, the increase in resistance Rus brought 
about by 0.245% of Ti is 0.46, whereas it is only 0.31 for a 
difference of 0.265% of Ti in the case of the pair I.J. 
0063. That observation can be attributed to the increased 
Squeezing effect on the titanium carbides by the Surrounding 
matrix when it contains residual austenite which can be trans 
formed into hard martensite with expansion under the effect 
of the abrasive stresses. 
0064. Furthermore, the deformation after cooling, without 
planishing, for the steel plates according to the invention is 
less than 10 mm/m and is approximately 15 mm/m for the 
steel plate H. In practice, that leads either to the possibility of 
Supplying the products without planishing, or carrying out 
planishing in order to comply with stricter requirements in 
terms of surface evenness (for example, 5 mm/m), but which 
is carried out more readily and with fewer stresses being 
introduced owing to the lesser original deformation of the 
products according to the invention. 

1-9. (canceled) 
10. Workpiece, and in particular a plate, of steel which is 

resistant to abrasion and whose chemical composition com 
prises, by weight: 

0.35% a C a 0.8% 

0% a Sig 2% 

O%3Al32% 

0.35% a Si+ Alg 2% 

0% a Ming 2.5% 

O%, a Ng5% 

O%, a Crg 5% 

O%, a Mo a 0.50% 

O%, a Wa 1.00% 

0.1% < Mo+W F2s 0.50% 

O%3B a 0.02% 

O%, a T a 2% 

0% gZrg 4% 

0.05% sTi+Zrf 2 s. 2% 

O%, a S a 0.005% 

N < 0.03% 

optionally from 0% to 1.5% of copper, 
optionally at least one element selected from Nb, Ta and V 

at contents such that Nbf2+Ta/4+V s0.5%, 
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balance being iron and impurities resulting from the pro 
duction operation, the chemical composition further 
complying with the following relationships: 

with: K=0.5 if B20.0005% and K=0 if B-0.0005%, 
whose surface evenness is characterized by a deflection of 

less than 12 mm/m, the steel having a martensitic or 
martensitic/bainitic structure, the structure further con 
taining from 5% to 20% of retained austenite and car 
bides. 

11. Workpiece according to claim 10, wherein: 
1.05xMn+0.54xNi+0.50xCr+0.3x(Mo+W/2) '+K>2. 

12. Workpiece according to claim 10, wherein: 
C>0.45%. 

13. Workpiece according to claim 10, wherein: 
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14. Workpiece according to claim 10, wherein: 
Ti-Zrf2>0.10%. 

15. Workpiece according to claim 10, wherein: 
Ti-Zrf2>0.30%. 

16. Workpiece according to claim 10, wherein: 

17. Workpiece according to claim 10, wherein it is a plate 
having a thickness of from 2 mm to 150 mm and whose 
surface evenness is characterized by a deflection of less than 
12 mm/m. 

18. Workpiece according claim 10, wherein the hardness is 
from 280 HB to 450 HB and: 

19. Workpiece according to claim 10, wherein the hardness 
is from 380 HB to 550 HB and: 

20. Workpiece according to claim 10, wherein the hardness 
is from 450 HB to 650 HB and: 


