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Introduction

The composition, function and control of the furnace atmosphere are
of crucial importance for the results in all hardening operations. The
purpose of this booklet is to provide a brief introduction to the proper-
ties and function of the protective gas in carburizing and carbonitrid-
ing. The special characteristics of nitrogen-based atmospheres are
also described here.

The booklet comprises the first part of a planned series that will deal
with:

— Gas carburizing and carbonitriding

— Neutral hardening and neutral annealing

— Nitriding processes

— Sintering

— Brazing

The series will be produced in both a Swedish and an English
version.



Why steels are hardened

Hardness Hardness
The machinability and hardness of steels vary with their carbon content. ~ Vickers Rockwell C
The highest hardness in a hardened steel is obtained when the carbon - 68
content of the steel is high, up around 1% C (figure 1). A steel with such 800
a high carbon content is hard, but unfortunately it is also brittle. Such 65
steels can therefore not be used in machine parts, such as gears, that 700 4
are exposed in operation to bending and tensile stresses. A carbon
content as high as 1% C in the steel also makes it difficult to perform
metal cutting operations such as turning. On the other hand, case- e [
hardening steels and steels for carbonitriding have a low carbon con-
tent, which means they possess good machinability. 500 -
Gas carburizing (and carbonitriding) is a case-hardening treatment
where a finished part is exposed to a carburizing atmosphere at a high 400 - e
temperature. This treatment creates a surface layer (case) with an
elevated carbon content. The case is typically 0.1-1.5 mm (0.004- 300 - 10
0.060 inches) thick. After carburizing, the part is cooled rapidly, which
causes hardening (figure 2). As a result, the case is hardened to a
hardness corresponding to its carbon content, as shown in figure 1. 200 1 30
The gas-carbu-rized (carbonitrided) part can be said to comprise a L 20
kind of composite material, where the carburized surface is hard but 100 4 L 10
the unaffected core is tough. This gives the part a very fine combination L0
of properties with high strength, wear resistance and toughness, see
figure 3. 0 02 04 06 08 10 12
Weight-%
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900 - Figure 1. Hardness as a function of carbon
content in hardened steel. The hatched area
oS shows the effect of retained austenite and alloy
700 content of steel.
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Figure 2. Gas carburizing

In order for a hard case to form after cooling, a martensitic structure
must form. The hardenability of the steel must therefore be sufficiently
good. Hardenability is dependent on the alloying content of the steel,
and increases with an increasing concentration of alloying elements.
Gas-carburizing steels must therefore contain a certain amount of
alloying elements. Examples of some gas-carburizing steels are given
in table 1.

Table 1. Composition of steel types that can be carburized and hardened

Sweden Izséigr?::ris USA %C % Mn % Cr % Ni % Mo
21 27 16MnCr5 - 0.13-0.19 1.00-1.30 0.8-1.10 - -
25 06 20NiCrMo2 8620 0.17-0.23 0.60-0.95 0.35-0.65 0.35-0.75 0.15-0.25
2511 - - 0.13-0.18 0.70-1.10 0.60 —1.00 0.80-1.20 max 0.10
2512 - 4320 0.18-0.23 0.70-1.10 0.60 —1.00 0.80-1.20 max 0.10
2523 17NiCrMo5 4317 0.17-0.23 0.70-1.10 0.80-1.20 1.00 - 1.40 0.08 - 0.16
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Figure 3. Hardness, carbon content and residual stress gradients

Carbonitriding is often applied for steels that have a lower alloying
content than the gas-carburizing steels. In the carbonitriding process,
carbon is added to the surface in the same manner as in case harden-
ing, but in addition nitrogen is supplied by the addition of ammonia to the
atmosphere. Typical surface nitrogen contents obtained lie in the range
0.1-0.4 weight-% N. The nitrogen increases hardenability and compen-
sates for the lower alloying content of the steel. It is therefore possible to
surface-harden low-alloy and carbon steels by means of carbonitriding.

Gas carburizing and carbonitriding are done on highly stressed machine
parts. Examples are transmission parts, car engine parts, roller and ball
bearings, rock drill parts, wear parts, fatigue-stressed parts such as
shafts etc.

Table 2. Composition of steel types that can be carbonitrided

Steel type % C % Si % Mn % P % S % Pb
Steel for cold-rolled strip 0.07 max 0.30 0.25-0.45 max0.030 max0.040 -
Free-cutting steels max 0.14 max 0.05 0.90-1.30 max0.11 0.24-0.35 0.15-0.35
max 0.14 max 0.05 0.90-1.30 max0.11 0.24-0.35 0.15-0.35
0.12-0.18 0.18-0.40 0.80-1.20 max0.06 0.15-0.25 -
0.12-0.18 0.10-0.40 0.80-1.20 max0.06 0.15-0.25 0.15-0.35
General constructional steel max 0.20 max 0.5 (1.0-1.6) max 0.05 max 0.05 -




How steels are hardened

When machining of the parts is completed, they are placed in a bas-ket
or mounted (hung) on some type of fixture. The basket (fixture) is
charged into a furnace, which normally has a temperature of 800 — 850
°C (1472 — 1562 °F) for carbonitriding and about 900 — 950 °C (1652 —
1742 °F) for gas carburizing.

Figure 4. Example of furnace and charging (above). The parts are loaded in
baskets or on fixtures (at right) before they are taken to and loaded into the
furnace by means of a car.

Conveyor-belt furnaces, shaker-hearth furnaces or rotary-retort fur-
naces are used for small parts, such as screws. The furnaces that are
used vary widely in size and appearance. Within the automotive indus-
try, which uses mass production lines, pusher-type furnaces are very
common. Within the metalworking industry, the sealed quench furnace
is common. The furnace has a wide range of applications. Cylindrical
retort furnaces are common when long parts are to be gas carburized.

There is a carburizing gas atmosphere in the furnace. When the charge
has reached the carburizing temperature, the effective trans-fer of
carbon from gas to steel surface begins. Carburizing is allowed to
proceed until the desired depth of penetration is reached. The charge is
then moved from the furnace chamber to a cooling chamber, which
normally has an oil tank. The charge is lowered into the oil tank. After
cooling, the charge normally undergoes washing and tempering.
Dimension-adjusting grinding is normally required before the parts are
completely finished.

Case depth
mm
A 1010°C
3.0 1 (1850°F) 970°C
(1778°F)

25 925°C
(1697°F)

2.0 - 900°C
(1652°F)

1.5 875°C
(1607°F)

1.0 -

0 ; ‘ : -

0 5 10 15 20 25
Carburizing time

Figure 5. Approximate relationship between
temperature, time and carburizing depth.



Interaction between furnace
atmosphere and steel

Function of the furnace atmosphere

The primary function of the furnace atmosphere is to supply the needed
carbon and provide the right surface carbon content (surface nitrogen
content) in carburized (or carbonitrided) parts. The atmosphere must
have a composition that corresponds to these needs and that can
eliminate (buffer) the disturbances caused when air enters the furnace
via an open door or leakage. To control the surface carbon content, it
must be possible to control the composition of the gas. This is normally
done with a separate enriching gas, a hydrocarbon, usually propane or
methane.

In order to achieve an even heat treatment result, both temperature and
gas composition must be equal throughout the volume of the charge.
This is achieved by forced gas circulation by means of a fan. For the
sake of safety, the supplied gas flow should create a certain positive
pressure in the furnace in order to prevent air from entering.

Another safety aspect is that it must be possible to purge a combustible
gas from the furnace in the event of, for example, too low fur-nace
temperature, power failure and low furnace pressure.

The functions of the furnace atmosphere are thus to:

supply the necessary carbon (and nitrogen)

— provide the right carbon (and nitrogen) content
— buffer

— purge

— give uniform results

— maintain a positive pressure

— permit safety purging

The carburizing process

The transfer of carbon from the gas to the steel surface takes place via
the reaction illustrated in figure 6.

CO +H, > C+HO
cO .
® °
°
e
® o / o®
H/' H,0

Figure 6. Schematic illustration of carburizing process

In the above reaction, carbon monoxide (CO) and hydrogen (H,) react
so that carbon (C) is deposited on the surface and water vapour (H,0)
is formed. A requirement is therefore that the furnace atmosphere must
contain so much carbon monoxide and hydrogen that the carburizing
process can proceed in a uniform and reproducable fashion. According
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to the fundamental principles of chemistry, the equilibrium conditions for
the carburizing reaction are described by an equilibrium constant
expressed by:

co H
where PH,O etc. is the partial pressure , which is obtained at atmos-
pheric pressure from the vol-% value divided by 100. The value of K is
dependent on the temperature and can easily be calculated from the
relationship:

7130
logK,=-7,494 + ———

where T is the absolute temperature in Kelvin.

a, is termed carbon activity and is a measure of the “carbon content”
of the gas. We see that a_ can be calculated when K and the gas
composition are known.

When the carbon activity of the gas, af, is greater than that of the
steel surface, a; , there is a driving force to transfer carbon as
expressed by the following equation:

dm g s

dm dan _ ., 9
at =k'-(c.—c)

ot =k -(aj—ai)or

where m designates mass, ¢ concentration per unit volyme and
ttime, i.e.

d—T expresses a carbon flow in units of kg/cm? - s or

mol/m? - s,

k or k! is a reaction rate constant dependent on temperature and gas
composition in accordance with figure 8. For cracked methanol,
k=2 .10 m/s and for endothermic gas k! = 1.2 - 10~ m/s.

k! 107 (m/s)

A T =930 °C (1706 °F)
2 | p=1atm

Carbon activity = 1.05

Approximate value
1.5 for endothermic gas

100 % Methanol
(a2 -
Figure 7. Carbon transfer rate coefficient as a function of the mixing ratio
N,/methanol

From the expression for carbon transfer, it is evident that there are two
fundamentally different ways to increase carbon transfer. In the first
place, the difference a —a% can be made as large as possible. This
means maximizing a%. The upper limit is given by a% = 1, which is the
limit for formation of free carbon, soot. Another upper limit is given by
the fact that the carbon activity may not exceed the value that corre-

al (c?) dm
. at
a)
S
% (c?) \
de A
dx

Boundary condition

%=k1-(cg_cz) =-D -

dc

dx | surface

sponds to carbide formation in the steel. This principle is used in what is  Figure 8. Carbon flows and activities in the gas/
called “boost carburizing” or two-stage carburizing. steel interface
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D, m¥s  Q, kJ/mol D(900°C)m?/s
Carbon 11 107° 129 20 1072
Nitrogen 20 10°° 145 7 10712

Table 3. Typical values of the diffusion coeffi-
cient for carbon and nitrogen in austenite
expressed as

D=D, - exp - Q/RT (R = 8.314 J/mol - K) with
D {900°C (1652 °F)} as an example.

In the second place, the reaction rate constant k can be maximized.
With some simplification, it can be said that k reaches its highest value
when the product P, - PH, is greatest, i.e. for an atmosphere with
equal parts carbon monoxide and hydrogen.

The carbon mass transfer from gas to surface must be equal to the
mass transfer further into the steel. Fick’s 1st law gives an expression
for the flow of carbon in the steel as a function of the carbon concentra-
tion degree dc/dx:

d_m =—D- E
dt dx

D here is a temperature-dependent diffusion coefficient for carbon (and
nitrogen), see table 3.

Since mass balance must exist, the following boundary condition
applies at the steel surface:

dc

. g_ s = - .
k- (a,-a’) D ax

The difference al —a? is great at the beginning of the carburizing
process and later declines, since a$ , the surface carbon content,
increases.

Carbon flow mol/m ?s

5.10~4 Rapid carbon transfer controlled by
transfer from gas to surface
4.1074 H /
3.107% |
Slow transfer
controlled by diffusion
2.107* | /
1 .10_4 I ,\/\
0 T T T T T T
0 50 100 150 200 250 300 - 10?

Carburizing time, min

Figure 9. Variation of carbon flow

The following rate-limiting steps therefore exist for carbon transfer in
different phases of a carburizing cycle:

— Transfer from gas to surface is the limiting factor in the beginning

— Diffusion in steel becomes rate-limiting during the latter part of
the carburizing cycle.

Gas composition and gas flow can be adjusted to obtain the best
economy and fastest carburization. During the phase when the transfer
of carbon from gas to surface is rate-determining, the carbon activity of
the gas shall be as high as possible, at the same time as the product
Pc, - PH, shall be maximized.



Relationship between carbon activity
and dew point, CO , and O, analysis

According to the preceding paragraph, the carbon activity of the furnace
atmosphere can be calculated from:

The equation is valid under conditions of equilibrium, i.e. in the state
(the gas composition) the system would assume if it were left undis-
turbed for an infinite length of time. Practical experience shows that the
assumption of equilibrium in the gas phase is reasonable.lt is therefore
possible to control the gas composition to the desired carbon activity if
the value of the equilibrium constant K is known. From the expression
above, we see that the carbon activity can be controlled if Pco, PH,
and Pp,o can be controlled. This is the background of dew point control
(a certain value of Pyy_o corresponds to a certain dew point), where Pco
and Py, are known and Py,o is controlled to obtain the desired a..

Since we have assumed that equilibrium exists in the gas, equilibrium
also exists for the carbon-transferring reactions:

a.-P

2C0 < C+CO,; K,=— %
PCO

a .Puz

CO 5 C+%0,; K,= °P %2

We can therefore express the carbon activities in the furnace gas in the
following alternative ways:

2

P
= “co
ac_KZ ’ P
co,
P
— Cco
8=k, - ow
o,

It is evident from this that the carbon activity of the gas can be control-
led by controlling the CO,, content or the O, content, provided that Pco
is known. CO,, control with an IR instrument and O, control with an
oxygen probe are practical ways to do this. See further the tables 4-6.
The concept “carbon potential” is explained on the next page.

Table 4: Relationship between carbon potential, temperature and dew point
in some nitrogen/methanol atmospheres. See Appendix 1.

Table 5: Relationship between carbon potential, temperature and CO,
content in some nitrogen/methanol atmospheres. See Appendix 2.

Table 6: Relationship between carbon potential, temperature and oxygen
content determined as an output signal in millivolts from an oxygen probe in
some nitrogen/methanol atmospheres. See Appendix 3.
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Carbon potential

In practice, the concept “carbon potential” is usually used instead of
carbon activity. The carbon potential of a furnace atmosphere is equal
to the carbon content that pure iron would have in equilibrium with the
gas. The relationship between carbon activity a_ and carbon potential o
is expressed by:

a=y e
¢ 1-2x,
C
where X, = p/12,01

© " C,/12,01 + (100 — CP) / 55,85

and Y =exp{[5115,9 +8339,9x_/ (1 —x.)]/ T —1,9096 }

y* is the activity coefficient and X_ is the carbon content expressed as a
mole fraction.

A simpler expression of the formula is usually used to calculate the
relationship between carbon content in low-alloy case-hardening
steels, C, and carbon potential, Cp.

C
log-2=0,055 - (%Si) ~ 0,013 - (%Mn) — 0,040 - (%Cr) + 0,014 - (%Ni) ~ 0,013 - (%Mo).

Nitrogen activity

In carbonitriding, not only carbon activity but also nitrogen activity is an
important parameter. There is, however, no reliable method available
today for controlling the nitrogen activity of the gas atmosphere directly.
Instead, empirical results are used as regards the relationship between
the ammonia content of the gas supplied to the furnace, the residual
ammonia content and the measured nitrogen content of the steel. In
principle, the nitrogen activity is expressed by the equilibrium:

NH, - N+3%:H,

ay - P
with K, = — 2
I:)NH3
2NH, — 2N + 3H,
® o ® N
s $ .
( ] o & 0
® O
Tt v
NH H,

Figure 11. Schematic illustration of nitriding process
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Most of the supplied ammonia decomposes into hydrogen and nitrogen
in accordance with the equation 2 NH; - N, + 3H,. The portion that
does not decompose is called residual ammonia and is the active
component for nitriding. Theoretically, it is therefore possible to control
the nitrogen activity by analyzing the NH, and H, content of the furnace
gas.

Carbon profile

Depending on how the carbon activity of the gas, ag, and the carbon
transfer rate of the gas, k, are allowed to vary during the carburization
cycle, different forms of the carbon concentration profile can be
achieved. Two cases with the same carburizing time and temperature
but with different curve forms are shown in the figure below. Which
curve form is chosen depends on what balance of properties and
productivity is desired.

Carbon content weight %

10 -

Two-stage process
3+1h

0.5 |
Single-stage
process 4 h
0 T T T T T T T T T
0 0.6 1.2 1.8 24 3.0 (mm)

Depth below surface

Figure 12. Calculated carbon concentration profiles for two carburiz-
ing processes with an identical total carburizing time, 4 hours, and
carburizing temperature, 930°C (1704 °F), but with different carbon
potentials of the gas.

— “Single-stage process” = constant carbon potential

— “Two-stage process” = high carbon potential for the first three
hours and low carbon potential for the last hour.
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Figure 13. Cracking of a 40% nitrogen/60%
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Figure 14. Purging of furnace with inert gas.

Gas flow Door open

A / \

Time

Figure 15. The gas flow can be adjusted to the
demand.

AGA’s concept

According to the foregoing, the carburizing atmosphere should contain
carbon monoxide (CO), hydrogen (H,) and nitrogen (N,). It was previ-

ously common practice to achieve a suitable atmosphere by means of
incomplete combustion of propane or methane with air in accordance

with the reactions:

C,Hy+7,2air - 57N,+3CO+4H,

CH,+24air - 19N,+CO+2H,

Mixing and combustion of fuel and air takes place in special
endothermic gas generators.

AGA’s solution involves creating the furnace atmosphere directly in the
furnace chamber by supplying nitrogen and methanol. The methanol
cracks on entering the furnace to form carbon monoxide and hydrogen
in accordance with the following reaction:

CH,OH - CO+2H,

For every litre of methanol that is added, approximately 1.7 m3 of gas
consisting of one part CO and two parts H, is formed. Different gas
compositions are obtained by varying the mixing ratio between nitrogen
and methanol. Compared with endothermic gas, the nitrogen/methanol
system offers two essential advantages: The gas flow and the gas
composition can be adjusted to the particular need existing at any time.

A high gas flow is desirable in the following cases:

— At the beginning of a cycle when the furnace is originally air-filled
or has been contaminated with air after a door opening. The
higher the gas flow is, the faster the right gas composition will be
obtained.

— When the carbon demand is great, i.e. at the beginning of a
process or in cases with a large charge surface area.

Low gas flow can be used in the following cases:
— When the furnace is empty.

— When the carbon demand is low, i.e. at the end of a process or in
cases with a small charge surface area.

The need to vary the gas composition parallels to some extent the need
to vary flow. A high proportion of methanol, i.e. active portion CO + H,,,
is required in the beginning of a cycle when the carbon demand is
great. High nitrogen content can be used when the fur-nace is empty
during purging and when the carbon demand is low.

13



The advantages of the nitrogen/methanol system are thus based on the
fact that the gas flow and the gas composition can be varied. In order
for this advantage to be exploited to the full, a more advanced flow
control system is required than is customary for endothermic gas.
Continuous flow control with mass flow meters and motorized valves is
the most advanced type of system. Fixed flow combined with solenoid
valves is another possibility. Even being able to adjust the gas flows
manually is a considerable advantage.

14
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Figure 16. Example of how the gas composi-
tion can be varied by changing the N, /
methanol ratio during a carburizing cycle.



Figure 17. Nitrogen-based gas system

Description of a nitrogen-based
gas system

A nitrogen-based gas system for heat treatment can be divided into four
parts:

— media storage

— distribution to furnaces
— control and regulation
— intake into furnace

Media storage

The carrier gas for gas carburizing is generated from nitrogen and
methanol. The enriching gas is a hydrocarbon, propane or methane,
possibly together with air, that is used to control the carbon potential.
For carbonitriding, ammonia is also required.

The nitrogen is stored by small consumers in compressed gas cylinders
and by large consumers in liguefied form in a vacuum-insulated tank.
The best alternative for any given case is dependent on a number of
factors, but tank storage is the most common among heat-treatment
companies.

Methanol is stored in tanks of varying size depending on the rate of
consumption. Small consumers fill their tanks from barrels, while large
consumers fill them from road tankers.

Roughly the same rule applies for propane and ammonia, i.e. that small
consumers use cylinders or cylinder bundles and large consumers use
tanks. Propane and ammonia differ, however, from the other media in
that they liquefy at relatively low pressures. These “gases” are therefore
normally stored in liquid form.

Distribution to furnace

The nitrogen leaves the storage tank at a medium pressure set on
the tank or cylinders. Inside the industrial premises, the pressure is
reduced before the gas reaches the furnaces.

Liquid methanol T

—>

1 | Actual value Furnace
_ [Temp
C_1'| Setpoint value

Actual

value Setpoint

! Automatic
—|='__ ! C-pot control Liquid
nitrogen

WA——

% Vaporizer
Xt
—X

Methanol tank

Pressurized system
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Methanol is charged into the piping system by means of pressurized
nitrogen gas or a pump. If pressurized nitrogen is used, the methanol
passes through one or more degassing devices that remove dis-
solved nitrogen gas on the way to the furnaces.

Propane and ammonia are transported by the pressure in the stor-
age vessels.

Control and regulation

At the furnaces there are flow panels, figure 18, where the flow for
each medium is adjusted and read. There the gases are mixed while
the liquid methanol continues in a separate pipe.

During operation a carrier gas is produced from suitable proportions
of nitrogen and methanol. Propane, air and ammonia are normally
added as needed via a control system.

As a safety precaution, all media except nitrogen should have safety
shut-off devices. The most common method is that all additions can
only be made above a given temperature. The additions should also
be stopped at a given minimum flow or nitrogen pressure. Generally,
the inert properties of the nitrogen should be used for protection
wherever possible.

Intake into furnace V

The gaseous components in nitrogen-based systems are introduced
in the same way as gas from other systems, i.e. so that optimum
mixing and circulation are obtained.

SSSSSSSOS
PDTITIITINN

For methanol, which is introduced in liquid form, however, a special

technique is required. AGA has developed different lances for this so 4 CH,OH
that good cracking and mixture are obtained regardless of type of Mixing nozzle
furnace, location of intake, whether a fan is used etc (Figure 19).

Spray nozzle

Figure 19. Example of injection lance

16



Results

When the results achieved with nitrogen-based systems are
evaluted, four factors in particular stand out:

- production

- reproducibility
- safety

- economy

Production

The nitrogen gas technique often paves the way to higher production
in existing plants.

The simplicity of the system in itself reduces production disruptions.
Its flexibility - in that each medium is controlled separately - permits
variations during the course of the process, especially during carburi-
zation, so that a shorter process time is achieved. Moreover, it can
be shown that of all the carrier gases existing today, nitrogen/metha-
nol mixture provides the fastest carbon transfer from gas to steel. In
the case shown in figure 20 below, the carburization depth has been
increased by 0.15 mm (0.0059 inch), equivalent to about 15%.
Translated into a time saving, this would be equivalent to 30-45
minutes.

Carbon content,

weight %

1.0

08 [
T =930 °C (1706 °F)

0.6 [ 100 % methanol at the beginning and
then 60% methanol / 40% N,

0.4 [ /

100 % methanol / 40% N,
0.2 | throughout the carburizing cycle
O T T T T T T T T T

0O 02 04 06 08 10 12 14 16 18 20
Depth below surface

Fig. 20. Two carbon concentration profiles from carburization showing that a
greater carburization depth is achieved if 100% methanol is used at the
beginning of the carburizing cycle.

Nitrogen also makes it possible to prevent the charge from being
ruined in connection with power failures and the like.

Reproducibility

The simplicity of the system also permits a uniform composition of
the atmosphere in a furnace to be achieved. Uniformity in turn
means fewer rejections and makes it possible to work with closer
tolerances on surface carbon content, hardness and case depth.

17



Safety

Because nitrogen/methanol mixture does not form a combustible and
toxic gas until the furnace chamber, many of the traditional risks of
similar systems are eliminated.

Because of the inert properties of nitrogen, using nitrogen gas as a base
in the gas system also enables many other risks to be reduced, such as
explosions in connection with rapid temperature drops, oil fires etc.

Economy

All of the factors mentioned above contribute towards good overall
economy. In evaluating the influence of the gas system on the economy
of the process, two factors in particular can be pointed out:

For nitrogen-based gas systems, the fixed cost is a small per-
centage of the total cost. Due to the low investment required, low
maintenance costs, low material costs and low electricity costs
etc, the quantity of gas consumed is the dominant cost. This in
turn means that it really pays to adjust consumption to the actual
need. Reducing the gas flow by up to 30% has proved to be
possible. Moreover, less gas is consumed at the start, and very
small flows can be used when the furnace is empty. In this way,
the total gas saving can be even higher, in some cases up to
50%.

With nitrogen-based systems, the productivity of the process can
often be enhanced in a number of ways. In the first place, its
higher operational reliability permits high capacity utilization. In
the second place, the quality of the gas ensures uniform and high
yields. In the third place, the composition of the gas can be
controlled to minimize the process time. In the fourth place, both
labour and production time can be saved due to the fact that the
start-up time after weekend interruptions or production stoppages
is reduced.

The size of the savings that stand to be made varies between different
furnaces and processes.
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Figure 21. Temporary increase of nitrogen flow
at the moment of quenching to counteract
negative pressure, which could draw air into
the furnace.



Appendices

Appendix 1

Table 4a: Dew point (°C) for different carbon potentials in an atmosphere consisting
of 100% cracked methanol and 0% nitrogen.

Table 4b: Dew point (°C) for different carbon potentials in an atmosphere consisting
of 60% cracked methanol and 40% nitrogen.

Table 4c: Dew point (°C) for different carbon potentials in an atmosphere consisting
of 20% cracked methanol and 80% nitrogen.

Appendix 2

Table 5a: CO, content (vol-%) for different carbon potentials in an atmosphere
consisting of 100% cracked methanol and 0% nitrogen.

Table 5b: CO, content (vol-%) for different carbon potentials in an atmosphere
consisting of 60% cracked methanol and 40% nitrogen.

Table 5¢: CO, content (vol-%) for different carbon potentials in an atmosphere
consisting of 20% cracked methanol and 80% nitrogen.

Appendix 3

Table 6a: Output signal from an oxygen probe (mV) for different carbon potentials in
an atmosphere consisting of 100% cracked methanol and 0% nitrogen.

Table 6b: Output signal from an oxygen probe (mV) for different carbon potentials in
an atmosphere consisting of 60% cracked methanol and 40% nitrogen.

Table 6¢: Output signal from an oxygen probe (mV) for different carbon potentials in
an atmosphere consisting of 20% cracked methanol and 80% nitrogen.
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