
NICKEL CHROMIUM ALLOY For high-temperature processes, the petrochemical
industry requires materials which are temperature-resistant as well as
corrosion-resistance and able to withstand, on one hand, the hot product
gases and, on the other hand, also the hot combustion gases, for example,
from steam crackers. Their tube coils are exposed on the outside to the
oxidizing nitrogen-containing combustion gases having temperatures of 1100C
and above, as well as in the interior to temperatures reaching
approximately 900C and potentially also high-pressure of a carburizing and
oxidizing atmosphere. As a result, the nitrogen content of the tube
material increases starting from the exterior tube surface and a scale
layer is created in contact with the hot combustion gases.  The carburizing
hydrocarbon atmosphere inside the tube carries the risk that carbon
diffuses therefrom into the tube material, causing the carbides in the
material to increase, forming from the existing carbide M23C9 with
increasing carburization the carbon-rich carbide M7C6. Internal stress
results from the volume increase of the carbides caused by the formation
and conversion of carbide, and the strength and the ductility of the tube
material are also reduced. In addition, a firmly adhering coke layer having
a thickness of several millimeters is produced on the interior surface.
Cyclic temperature stresses, for example caused by a shutdown of the plant,
also cause the tubes to shrink onto the coke layer due to the different
thermal expansion coefficients of the metallic tube and the coke layer.
This causes large stresses in the tube which in turn cause cracks in the
interior tube surface. An increasing amount of hydrocarbons can then enter
the tube material through these cracks. The US patent 5,306,358 discloses a
nickel chromium iron alloy which is weldable with the WIG process and has
up to 0,5% carbon, 8 to 22% chromium, up to 36% iron, up to 8% manganese,
silicon and niobium, up to 6% aluminum, up to 1%  titanium, up to 0.3%
zirconium, up to 40% cobalt, up to 20% molybdenum and tungsten as well as
up to 0.1% yttrium, with the remainder being nickel. The German patent 103
02 989 also describes a nickel chromium cast alloy suitable for tube coils
of cracker and reformer furnaces with up to 0.8% carbon, 15 to 40%
chromium, 0.5 to 13% iron, 1.5 to 7% aluminum, up to 0.2% silicon, up to
0.2% manganese, 0,1 to 2,5% niobium, up to 11% tungsten and molybdenum, up
to 1.5% titanium, 0.1 to 0.4% zirconium, and 0.01 to 0.1% yttrium, with the
remainder being nickel. This alloy has proven itself especially for the use
as material for pipes, the users however still asking for pipe material
with prolonged life cycle. The invention is therefore directed to a nickel
chromium alloy with improved stability under conditions occurring, for
example, during cracking and reforming of hydrocarbons. This object is
attained with a nickel chromium alloy with 0.4 to 0.6% carbon, 28 to 33%
chromium, 15 to 25% iron, 2 to 6% aluminum, up to 2% of each of silicon and
manganese, up to 1.5% of each of niobium and tantalum, up to 1.0% of each
of tungsten, titanium and zirconium, up to 0,5% of each of yttrium and
cerium, up to 0.5% molybdenum and up to 0.1% nitrogen, with the remainder -
including melt-induced contaminants - being nickel.  Preferably, this alloy
includes- severally or in combination - 17 to 22% iron, 3 to 4.5% aluminum,
0.01 to 1% silicon, up to 0.5% manganese, 0.5 to 1.0% niobium, up to 0.5
tantalum, up to 0.6% tungsten, 0.001 to 0.5% titanium, up to 0.3%
zirconium, up to 0.3% yttrium, up to 0.3% cerium, 0.01 to 0.5% molybdenum
and 0.001 to 0.1% nitrogen. The alloy according to the invention is
particularly distinguished by its comparatively high contents of chromium
and nickel and by a required carbon content in a comparatively narrow
range.  Of the optional alloy components, silicon improves the oxidation
and carburization stability. Manganese has also a positive effect on the
oxidation stability as well as additionally on the weldability, deoxidizes
the melt and stably bonds the sulfur. Niobium improves the long-term
rupture strength, forms stable carbides and carbonitrides. Niobium
additionally serves as hardener for solid solutions. Titanium and tantalum
improve the long-term rupture strength. Finely distributed carbides and
carbonitrides are already formed at low concentrations. At higher
concentrations, titanium and tantalum function as solid solution hardeners.
Tungsten improves the long-term rupture strength. In particular at high
temperatures, tungsten improves the strength by a way of a solid solution
hardening, because the carbides are partially dissolved at higher
temperatures. Cobalt also improves the long-term rupture strength by way of
solid solution hardening, zirconium by forming carbides, in particular in
cooperation with titanium and tantalum. Yttrium and cerium obviously
improve not only the oxidation stability and, in particular, the adherence
as well as the growth of the Al203 protective layer. In addition, yttrium
and cerium improve already in small concentrations the creep resistance,
because they stably bond the potentially still present free sulfur. Smaller
concentrations of boron also improve the long-term rupture strength,
prevent sulfur segregation and delay aging by coarsening the M23C9
carbides.  Molybdenum also increases the long-term rupture strength, in
particular at high temperatures via solid solution hardening. In
particular, because the carbides are partially dissolved at high
temperatures. Nitrogen improves the long-term rupture strength via carbon
nitride formation, whereas already low concentrations of hafnium  improve
the oxidation stability through an improved adhesion of the protective
layer, thereby positively affecting the long-term rupture strength.
Phosphorous, sulfur, zinc, lead, arsenic, bismuth, tin and tellurium are
part of the impurities and should therefore have the smallest possible
concentrations.  Under these conditions, the alloy is particularly suited
as a casting material for parts of petrochemical plants, for example for
manufacturing tube coils for cracker and reformer furnaces, reformer tubes,
but also as material for iron ore direct reduction facilities as well as
for similarly stressed components. These include furnace parts, radiant
tubes for heating furnaces, rolls for annealing furnaces, components of
continuous casting and strand casting machines, hoods and sleeves for
annealing furnaces, components of large diesel engines, and molds for
catalytic converter fillings. 



Overall, the alloy is distinguished by a high oxidation and carburization
stability as well as excellent long-term rupture strength and creep
resistance. The interior surface of cracker and reformer tubes is
characterized by a catalytically inert oxide layer containing aluminum
which prevents the generation of catalytic coke filaments, so-called carbon
nanotubes. The properties characterizing the material are retained also
after the coke, which inevitably segregates during cracking on the interior
wall of the tube, has been burned out several times. Advantageously, the
alloy can be used for producing tubes by centrifugal casting, if these are
drilled out with a contact pressure of 10 to 40 MPa, for example 10 to 25
MPa. Drilling the tubes out causes the tube material to be cold-worked or
strain-hardened in a zone near the surface having depths of, for example,
0.1 to 0.5 mm due to the contact pressure. When the tube is heated, the
cold worked zone recrystallizes, producing a very fine-grain structure. The
recrystallized structure improves the diffusion of the oxide-forming
elements aluminum and chromium,  promoting the creation of a continuous
layer mostly made of aluminum oxide and having high density and stability.
The produced firmly adhering aluminum-containing oxide forms a continuous
protective layer of the interior tube wall which is mostly free of
catalytically active centers, for example of nickel or iron, and is still
stable even after a prolonged cyclic thermal stress. Unlike other tube
materials without such protective layer, this aluminum-containing oxide
layer prevents oxygen from entering the base material and thus an interior
oxidation of the tube material. In addition, the protective layer does not
only suppress carburization of the tube material, but also corrosion due to
impurities in the process gas. The protective layer is predominantly
composed of AI202 and the mixed oxide (Al, Cr)203 and is largely inert
against catalytic coking. It is depleted of elements which catalyze coking,
such as iron and nickel.  Particularly advantageous for the formation of a
durable protective oxide layer is heat treatment which can also be
economically performed in situ; it is used to condition, for example, the
interior surface of steam-cracker tubes after installation, when the
respective furnace is heated to its operating temperature. This
conditioning can be performed in form of a heat-up with intermediate
isothermal heat treatments in a furnace atmosphere which is adjusted during
heat-up according to the invention, for example in a weakly oxidizing,
water vapor-containing atmosphere with an oxygen partial pressure of at
most 10.20, preferably at most 10'3 bar. An inert gas atmosphere of 0.1 to
10 mole-% water vapor, 7 to 99.9 mole-% hydrogen or hydrocarbons, severally
or in combination, and 0 to 88 mole-% noble gases are particularly
favorable. The atmosphere during conditioning is preferably comprised of an
extremely weakly oxidizing mixture of water vapor, hydrogen, hydrocarbons
and nobel gases with a  mass ratio selected so that the oxygen partial
pressure of the mixture at a temperature of 600C is smaller than 10-2,
preferably smaller than 0  The initial heat-up of the tube interior after
prior mechanical removal of a surface layer, i.e., the separate heat-up of
the generated cold-worked surface zone, is preferably performed under a
very weakly oxidizing inert gas in several phases, each at a speed of 10 to
100 C/h initially to 400 to 750C, preferably approximately 550C on the
interior tube surface. The heat-up phase is followed by a one-hour to
fifty-hour hold in the described temperature range. The heat-up is
performed in the presence of a water vapor atmosphere, as soon as the
temperature has reached a value that prevents the generation of condensed
water. After the hold, the tube is brought to the operating temperature,
for example to 800 to 900C, thus becoming operational.  However, the tube
temperature slowly increases further during the cracking operation as a
result of the deposition of pyrolytic coke, reaching approximately 1000C
and even 1050C on the interior surface. At this temperature, the interior
layer, which essentially consists of Al202 and to a small degree of (Al,
CO203, is converted from a transitional oxide, such as y-, d-- or ?-Al202
into stable a-aluminum oxide. The tube, with its interior layer
mechanically removed, has then reached its operating state in a multi-step,
however preferably single process. However, the process need not
necessarily be performed in a single step, but may also start with a
separate preliminary step. This preliminary step includes the initial
heat-up after removal of the interior surface until a hold at 400 to 750C.
The tube pretreated in this way can then be further processed, for example
at a different manufacturing site, starting from the cold state in the
aforedescribed manner in situ, i.e., can be brought to the operating
temperature after installation. The aforementioned separate pretreatment,
however, is not limited to tubes, but can also be used for partial or
complete conditioning of surface zones of other  workpieces, which are then
further treated commensurate with their structure and use, either according
to the invention or with a different process, however, with a defined
initial state. The invention will now be described with reference to five
exemplary nickel alloys according to the invention and in comparison with
ten conventional nickel alloys having the composition listed in Table I,
which differ in particular from the nickel chromium iron alloy according to
the invention with respect to their carbon content (alloys 5 and 6),
chromium content (alloys 4, 13 and 14), aluminum content (alloys 12, 13),
cobalt content (alloys 1, 2), and iron content (alloys 3, 12, 14, 15).  As
shown in the diagram of FIG. 1, the alloy 9 according to the invention does
not exhibit any interior oxidation even after more than 200 cycles of
45-minute annealing at 1150C in air, whereas the two comparison alloys 12
and 13 already undergo an increasing weight loss due to the catastrophic
oxidation after only a few cycles.. The alloy 9 is also distinguished by a
high carburizing stability; because the alloy 9 has, due to its small
weight gain, after all three carburizing treatments according to the
diagram of FIG. 2 the smallest weight gain compared to the conventional
alloys 12 and 13. Moreover, the diagrams of FIGS. 3a and 3b show that the
long-term rupture strength of the nickel alloy 11 according to the
invention is in an important range still superior over that of the
comparison alloys 12 and 13. The alloy 15, which is not part of the
invention because its iron content is too low, is an exception, having
significantly inferior oxidizing, carburizing and coking stability.  The
diagram of FIG. 4 finally shows that the creep resistance of the alloy 11
is significantly better than that of the comparison alloy 12. 



In addition, in a series of simulations of a cracking operation, several
tube sections made of a nickel alloy according to the invention where
inserted in a laboratory system to perform heat-up experiments under
different gas atmospheres and different heat-up conditions, followed by a
30-minute cracking phase at a temperature of 900C, in order to investigate
and evaluate the initial phase of catalytic coking, or the tendency for
catalytic coking.  The data and the results of these experiments with
samples of the alloy 11 from Table I are summarized in Table II. They show
that the respective gas atmosphere in conjunction with temperature control
according to the invention is associated with a significant reduction of
the already low catalytic coking. Examples of the surface properties of the
tube interior of furnace tubes having the composition of the alloy 8, which
is part of the invention, can be seen from FIGS. 5 and 6. FIG. 6
(Experiment 7 in Table II) shows the superiority of the surface after
conditioning according to the invention compared to FIG. 5 which relates to
a surface that was not conditioned according to the invention (Table II,
Experiment 2). In the FIGS. 7 (alloy 14) and 8 (invention), regions near
the surface are shown in a metallographic cross-section. The samples were
heated to 950C and then subjected to 10 cracking cycles of 10 hours each in
an atmosphere of water vapor, hydrogen and hydrocarbons. After each cycle,'
the sample tubes were burned out for one hour to remove the coke deposits.
The micrograph of FIG. 7 shows in form of dark regions the large-area and
hence also large-volume result of an interior oxidation on the interior
tube side with a conventional nickel chromium cast alloy as compared to the
micrograph of the FIG. 8 of the alloy 9 according to the invention, which
virtually did not experience any interior oxidation, although both samples
with subjected in an identical manner to multiple cyclical treatments of
cracking, on one hand, and removal of the carbon deposits, on the other
hand.   The experiments show that samples from conventional alloys
experience strong interior oxidation on the interior tube side, originating
from surface defects. As a result, small metallic centers with a high
nickel content are produced on the interior tube surface, on which a
significant amount of carbon in form of carbon nanotubes is formed (FIG.
11). Conversely, Sample 9 from an alloy according to the invention does not
exhibit any nanotubes following the same 10-fold cyclical cracking and
thereafter storage in a coking atmosphere, which is the result of an
essentially continuous sealed, catalytically inert aluminum-containing
oxide layer. Conversely, FIG. 11 shows an REM top view of the conventional
sample shown in FIG. 7 in a polished section; catastrophic oxidation and
therefore catastrophic generation of catalytic coke in the form of carbon
nanotubes is here observed due to the missing protective layer.  In a
comparison of the diagrams of FIGS. 9 and 10, the stability of the oxide
layer on an alloy according to the invention is particularly clearly
demonstrated by the shape of the aluminum concentration as a function of
depth of the marginal zone following ten cracking phases accompanied by an
intermediate phase where the coke deposits were removed by burning out.
Whereas according to the diagram of FIG. 9 the material is depleted of
aluminum in the region near the surface due to the local failure of the
protective cover layer and subsequently strong interior aluminum oxidation,
the aluminum concentration in the diagram of FIG. 10 is still approximately
at the initial level of the cast material. This shows clearly the
significance of a continuous, sealed and in particular firmly adhering
interior aluminum-containing oxide layer in the tubes according to the
invention. The stability of the aluminum-containing oxide layer was also
investigated in extended time tests in a laboratory system under
process-like conditions. The samples of the alloys 9 and 11 according to
the invention were heated in water vapor to 950C and then each subjected
three times to 72-hour cracking at this temperature; they were then each
burned out for four hours at 900C. FIG. 12 shows the continuous
aluminum-containing oxide layer after the three cracking cycles and in
addition, how the aluminium-containing oxide layer covers the material even
across chromium carbides in the surface. It can be seen that chromium
carbides residing at the surface are completely covered by the
aluminum-containing oxide layer. As clearly shown in the micrograph of FIG.
13, the material is protected by a uniform aluminum-containing oxide layer
even in disturbed surface regions, where primary carbides of the basic
material have accumulated and which are therefore particularly susceptible
to interior oxidation. As can be seen, oxidized former MC-carbide is
overgrown by aluminum-containing oxide and hence encapsulated.  FIGS. 14
and 15 show in the micrographs of the zone near the surface that interior
oxidation has not occurred even after the extended cyclic time tests, which
is a result of the stable and continuous aluminum-containing oxide layer.
Samples of the alloys 8 to 11 according to the invention were used in these
experiments. Overall, the nickel chromium iron alloy according to the
invention, for example as a tube material, is differentiated by a high
oxidation and corrosion stability, and more particularly by a high
long-term rupture strength and creep resistance, after the interior surface
is removed under mechanical pressure and a subsequent multi-step in situ
heat treatment for conditioning the interior surface.  In particular, the
outstanding carburizing stability of the material should be mentioned,
which is caused by rapid formation of a substantially closed and stable
oxide layer or Al203-layer, respectively. This layer also substantially
suppresses in steam-cracker and reformer tubes the generation of
catalytically active centers accompanied by risk of catalytic coking. These
material properties are still retained even after large number of
significantly prolonged cracking cycles, in conjunction with burning out
the deposited coke.   9000      
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u/0 I.   %LCD  %9V0  %IWO  %90'0 Temperature curve during heat-up phase
From 150C to 875C, 50C/h; 40 h hold at 875C From 150C to 600C, 50C/h; 40 h
hold at 600C; from 600C to 875C, 50C/h; Gas composition during heat-up
phase 100% air  100% water vapor  70% water vapor 30% methane  3% water
vapor 97%methane 3% water vapor 97% methane (+H2S-shock**)  3% water vapor
97% ethane (+H2S-shock**)  3% water vapor 97% ethane  I;sal  zI cI 



, 91 91   Patent Claims 1. Nickel-chromium alloy with high oxidation and
carburization resistance, longterm rupture strength and creep resistance,
comprising: 0.4 to 0.6% carbon 28 to 33% chromium 15 to 25% iron 2 to 6%
aluminum up to 2% silicon up to 2% manganese up to 1.5% niobium up to 1.5%
tantalum up to 1.0% tungsten up to 1.0% titanium up to 1.0% zirconium up to
0.5% yttrium up to 0.5% cerium up to 0.5% molybdenum up to 0.1% nitrogen
remainder nickel with melt-induced impurities. 2. Alloy according to claim
1, comprising severally or in combination 0.4 to 0.6% carbon 28 to 33 %
chromium 17 to 22% iron 3 to 4.5% aluminum 0.01 to 1% silicon 0.01 to 0.5%
manganese 0.01 to 1.0% niobium 0.01 to 0.5% tantalum 0.01 to 0.6% tungsten
0.001 to 0.5% titanium 0.001 to 0.3% zirconium 0.001 to 0.3% yttrium 0.001
to 0.3% cerium 0.01 to 0.5% molybdenum 0.001 to 0.1% nitrogen. 3. Method
for at least partial conditioning of objects made from an alloy according
to claim 1 or 2 in a surface zone by mechanical removal with a contact
pressure of 10 to 40 MPa and subsequent heating with a heat-up speed of 10
to 100C/h to a temperature at the surface of 400 to 740C under weak
oxidizing conditions by avoiding condensate formation. 4. Method according
to claim 3, characterized in that the contact pressure is 15 to 30 MPa. 5.
Method according to claim 3 or 4, characterized in that the heat-up is
performed under inert gas. 6. Method according to claim 3 to 5,
characterized in that during removal a surface zone of 0.1 to 0.5 mm depth
is cold-worked. 7. Method according to one of claims 3 to 6, characterized
by subsequent annealing, holding for 1 to 50 hours at 400 to 750C, and
subsequent heat-up to the operating temperature with a speed of 10 to 100
C/h. 



8. Method according to claim 7, characterized in that the holding
temperature is 550 to 650C. 9. Method according to one of claims 7 to 8,
characterized in that the annealing atmosphere is comprised of a weakly
oxidizing mixture of water vapor,  hydrogen, hydrocarbons and noble gases
with an oxygen partial pressure at 600C below 10.20 bar. 10. Method
according to claim 9, characterized by an oxygen partial pressure below
10-3 bar. 11. Method according to one of claims 3 to 10, characterized in
that the annealing atmosphere is comprised of 0.1 to 10 mole-% water vapor,
7 to 99.9 mole-% hydrogen and hydrocarbons, severally or in combination, as
well as 0 to 88 mole-% noble gases, severally or in combination. 12. Use of
an alloy according to one or more of the claims 1 to 11 as a material for
producing cast objects. 13. Use of an alloy according to one or more of the
claims 1 to 11 as a material for petrochemical plants. 14. Use of an alloy
according to one or more of the claims 1 to 11 as a material for tube coils
of cracker and reformer furnaces, pre-heaters, reformer tubes and iron
direct reduction plants. 15. Use of an alloy according to one or more of
the claims 1 to 11 as a material for producing furnace parts, radiant tubes
for heating furnaces, rolls for annealing furnaces, components of
continuous casting and strand casting machines, hoods and sleeves for
annealing furnaces, components of large diesel engines, and molds for
catalytic converter fillings. 


