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Abstract

Times of boost and diffusion stages in a vacuunmdce were empirically determined by an
experimental heat treatment cycle carried out withilar loads. One advantage that vacuum furnaces
provide is good repeatability of the process patarsgyielding predictable case hardening restiits.
this work, an algorithm is developed mathematictdlyletermine the theoretical time of diffusionain
vacuum furnace (after the boost period) to obtaiima 0.8% C at the surface of carburized samples.
Three batches of gas carburized samples, withrdiftdevels of surface carbon and case depths, were
subjected to increasing diffusion temperaturesva@ium furnace.

I ntroduction

Case hardening in a vacuum furnace is carried puhiee main techniques: plasma or ionic, low-
pressure, and plasma-assisted, low-pressure pescesdthough currently used in a variety of
industrial applications, higher cost compared wggs carburizing is still a hindrance to further
utilization. However, the vacuum process has theaathge of being pollution-free, which is he main
reason why it can be put in series with other traal machines in a production line. That allooati
would not be possible with conventional gas cagig furnaces because of oil and gas pollution
concerns.

Full application of vacuum carburizing is hinderdeyg the inability to regulate the surface carbon

level. In contrast, this parameter is well con&dlin the gas carburizing process using gas asdbysi
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oxygen probes and infrared cells. In vacuum, pregasiethods of carbon surface control are still
experimental. Particularly promising is the dirsotface analysis of carburizing workpieces by laser

beam with continuous and real-time output. Curgerttie only method that can be applied is the boost

diffusion technique (Fig. 1).
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Fig. 1 Case hardening heat treatment. Boost diffusion scheme with propane and hydrogen .

Fig.1 Schema di flusso del propano e dell'idrogdamante un trattamento di cementazione secondo la
tecnica boost-diffusion
Boost-diffusion cycle
First step of the boost-diffusion process consists carburization with sufficient gaseous
hydrocarbon to saturate the austenite phase, valibéding soot deposition on the surface. This is
accomplished by knowing the amount of surface trd®e carburized. In the case of a steel containing
alloying metals that generate carbide, the levetasbon in the surface increases above the austenit
saturation. The formation of some carbides insigfadthers is regulated by the entropy level of the
reaction between carbon and metal. In the case pdsitive enthalphy level, the reaction cannot

succeed, as is the case with nickel.
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At the end of the boost, the diffusion period staithe propane flux is cut out and a vacuum is
drawn in the furnace. The high carbon level at sheface (compared to the core) generates the
diffusion phenomena. This decreases the surfacel lbecause the carbon migration from the surface
to the core. In the theoretical case of infinitegiand infinite thickness the surface carbon levay
decrease to that of the core.

In contrast, carbon behavior is more complex in g@durizing. In fact, after the boost period is
carried out with a carbon potential near the autgtesaturation level, the carbon potential of the
carburizing gas is lowered to about 0.8 %. Here,déwrbon flow toward the core is the same as in the
vacuum process, but also starts another exchangedrethe surface and the gas that tends to decreas
the surface carbon to 0.8%. So the process tirsleader, and the final, effective case depth is than
that achieved in a vacuum furnace.

An ionic case hardening cycle utilizing propand agdrogen gas is shown in Fig.1. According to
the boost-diffusion cycle, after every boost pemodiffusion time follows to allow for carbon diffiion
toward the core from the saturated austenite, abtlte surface carbon content reaches the optimum
range of 0.8%. The propane flow is directly projmoral to the carburizing load surface and decreases
exponentially with time.

The carbon penetration rate, V, at every time, fhthe carburizing process may be calculated
theoretically by the Harris formula to determine ttase depth penetration as a function of time:

p= 803 H%10°%?™ v = dp/dh = (803.1/2 ¥ ~ Y/10°"%?" = 401.5/ (H*.10°"*¥"), where h =
carburizing time in hour, T = temperature K, V lman penetration rate, and p = case depth in mm.

This formula shows that as the carbon penetrata® approaches infinity, h approaches zero. In

practice, the carbon solution rate is not as higbabse the carburizing gas has to reach equilibrium

with the steel surface.
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Introduced by Wyss, a U factor, or carbon transfeefficient, quantifies the capability of the
carburizing atmosphere to exchange carbon witlsté surface (see fig.2).
lonic carburizing reaches equilibrium more eadigrt gas carburizing or low pressure carburizing

processes, because it is catalyzed by ionic digehaFor every fof carburizing surface, the

theoretical propane quantity is plotted in Fig.3,
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Fig. 2 Carburising speed data in cm/sec 107, as function of atmosphere composition at 900°C.
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Fig.3 Carbon absorbing rate as a function of teatpee (Montevecchi)

Fig.3 Velocita di assorbimento del carbonio in fionz della temperatura (Montevecchi)

based on 0.9% surface carbon (ref.1). With thisaipater, the process is approximated because
calculating the carburizing steel surface areaffiedlt and because the fixture surface can alssogb
carbon, further complicating the calculation. Canpsmtly, some table values were determined

empirically, using the propane flow that would allthe entire carburized surface to reach austenite

saturation.
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Diffusion

The boost phase is difficult to run not only beeail’'s related to the surface area of the compaent
but also because it is difficult to calculate usihg algorithm related to that parameter. Howetreat
is not the case with the time diffusion calculatedter the boost phase.

The time necessary to decrease the carbon contentfeom saturated austenite to 0.8% can be
calculated from tables or theoretically. The desire@rate of carbon concentration is related to the

» diffusion rate of carbon in austenite

case depth

temperature

piece thickness

carbon differential between the core and surfadé@tomponent

For easier calculation, some parameters can beidesad known or constant. For instance,
thickness of the component being carburized camadsemed to always be over 10x the required
carburization depth. Similarly, the carbon leveltle carburizing steel can be assumed to be about

0.16%; the level in the carburizing surface, alibh8®so.

Experimental details

16 Cr Ni 5 steel samples, 20 mm in diameter andnf®thick, were carburized to variable depths
and with variable levels of surface carbon. Theamwere heat treated in a vacuum furnace with an
integral oil tank at a working pressure of abounBar, the usual pressure for plasma carburizing.
After 3 h of soaking time, they were oil quenché®in analysed to determine new values of surface
carbon and case depth.

Three different batches were prepared to studefieets of:
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» surface carbon level (batch 1). Carbon diffusion samples heat treatetlOft0°C with a 3 h soak
time, 1.5 mm case depth, and a surface carbonfi@ml0.69 to 1%.

» case depth (batch 2). Carbon diffusion samples heat treated80°C, 3h soak time, surface
carbon level 1%, and a case depth from 0.6 to b m

» temperature (batch 3). Carbon diffusion samples with a 1.5 nasecdepth, 0.95% surface carbon,
and a 3 h soak time at temperatures from 870 t6°107

Results appear in Tables 1, 2, and 3 with reldtimed diagrams 1, 2, 3.
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Diagram 1 . 1" batch : influence of initial surface carbon level on the carbon surface decrease

Surface Case Time in Temperature Last value A C%
C % level Depth hour i of C % at
(mm) surface
0.16 1.5 3 1070° 0.16 0
0.69 1.5 3 1070° 0.35 0.34
. 0.89 1.5 3 1070° 0.42 0.47
0.94 1.5 3 1070° 0.44 0.50
1.0 1.5 3 1070° -0.47 0.53

Table 1 . 1% batch . Carbon surface change on samples with case depth 1,5 mm and
surface carbon level as indicated . The samples has been held 3 h to 1070°C in vacuum
furnace . The value corresponding to 0,16 % C is only an inductive value , not measured .

6

Diagramma 1- 1° lotto. Influenza del tenore diUpexficiale sul gradiente di variazione
Tabella 1 — 1° lotto. Variazioni di C superficiae provini con profondita di cementazione 1,5 mm e
tenori di C superficiale indicati. | provini sontas tenuti 3 ore a 1070°C in forno a vuoto.

Il valore corrispondente a 0.16% C e induttivo eapuente teorico.
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AC%

Temperature 1070°C
Time 3h
Surface carbon 1%
Core carbon  0.16%

-
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Diagram 2 ; 2™ patch . Influence of case depth on the surface carbon decreasing

Case depth C% starting Time C% final value at

mm. value at surface hour surface A C%
0 1 3 0.16 0.84
0.6 1 3 0.46 0.54
0.7 1 3 0.50 0.50
1.1 1 3 0.56 0.44
1.5 1 3 0.61 0.39
o) 1 3 1 0

Table 2 ; 2™ batch . Surface carbon variations on the sample with 1% C on surface and
as shown case depth . Heat treated 3 h to 1070° C in vacuum furnace . The values

indicated for O e «o case depth are only inductive and has been indicate for better
understanding the trend of the chart curve

Diagramma 2 — 2° lotto. Influenza della profonditZementazione sull’abbassamento del C
superficiale.
Tabella 2 — (2° lotto). Variazioni di C superfi@adui provini con C iniziale 1% e profondita di
cementazione indicate, tenuti 3 ore a 1070°C irtavdovalori di O e sono solo induttivi e sono stati

indicati per meglio comprendere I'andamento delleva.
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Diagram 3 . 3" batch . Influence of temperature on the surface carbon decreasing .

Temperature Case depth Time C% final value
c i i (mm) (hour) at surface i
870 0.95 15 3 0.80 | 0.05
970 0.95 1.5 3 0.75 0.20
1070 0.95 1.5 3 0.55 0.40
P 0.95 1.5 3 - 0.16 0.79

Table 3 . 3@ batch . Surface C variation on samples with 0.95 % C , held 3 h in vacuum
furnace at indicated temperatures .

Diagramma 3 — 3° lotto. Influenza della temperagutta diminuzione del tenore superficiale del C.
Tabella 3 ( 3° lotto ). Variazioni di C superfilasu provini con C superficiale 0.95% tenuti per8

in un forno a vuoto alle temperature indicate.
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In some tables, experimental values were completéd some limits value obtained by inductive

reasoning to better understand the examined phemam

Diffusion time

The necessary time to lower the carbon surfacesobif@fter the boost time) to 0.80% is defined by
the surface carbon level, case depth, and proesspetrature. The trend of these three parameters
(Fig.3 ,4 ,5) can be expressed mathematicallyplémafs:

* Timet; to lower the %C from the boost level to 0.80%, gkited at 1070°C by trends shown in
Table 1ist= K (%C —-0.8)/ %C where £ hours, K=5.2, and %C = surface carbon lefter éhe
boost phase.

» Timet; to bring the carbon to 0.8% as a function of theecdepth. In this case, the value must
be equal to 1 with the case depth equal to 1.5 fitra.equation is,t= 1.4® 1 where p = case depth
in mm after the boost.

» Timets to lower the carbon to 0.8% as a function of terapge must be equal to 1 at 1070°C.
Here, the Arrhenius equation is utilized gs €%%"Ta, where T = temperature K, Qastivation
energy (34,500 cal /mole fgriron), e = natural logarithm base, and 1.987 =ggasstant, cal/mole<K.
The final equation becomes= e®*°°%1-%7 7111 850.

Diffusion time t can then be expressed as a function of the bioostit
Eq. 1 tg=[K (%C — 0.8 )/ %C] [1.8 5] [e 3450011981411 850]

Substituting numerical values into this equationkesait possible to calculate the diffusion time
required to lower the surface carbon from 1.7%af’ $hthe saturated austenite level for a carbugizin
process at 1050°C (1323°K), to 0.8%. In this casew@nsider, for example, case depth 1.4 mm.

tg=[5.2 (1.7 — 0.8 )/1.7] [L4* ~15] [(1/411,850)d3*°00(1-9871329)— 3 53 h
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Further calculations

Per Equation 1, the diffusion time of carbon ina@wum furnace is defined as a function of the
surface carbon content after the boost, the casth dend the temperature. It is possible to cateutze
total times of boost-diffusion in a vacuum furndoeobtain a desired case depth with a 0.8% surface
carbon level by utilizing the Harris formula to fecase depth as function of the working tempeeatur
and time.

The total time itto obtain a targeted case depth with a 0.8% seirfacbon content by the boost-
diffusion process is derived from the boost timadded to the diffusion timg &nd can be expressed
as:Eq. 2 t=tpttg, or H=t-tg, or H=t--t,. Using the Harris formula if the temperature i®wmn, time ¢
can be calculated, while the diffusion tigesan be calculated as a function of the case degtie and

the % C obtained after the boost.

Total case depth time
Time t can be calculatedeversing the Harris formula wherg=thours, T = temperature K, and p =
case depth in mm.
Eq.3 t, = p* (10°%?M%803 = * (10/**1)/803F
The % C, which is the austenite carbon saturatednevafter the boost period, can be calculated as a
function of the Kelvin temperature by the followifaymula:
Eq.4 % C sat = -0.70597 + 7.21x10 + 6.13x10 T? + 1.67x10° T°
The case depth p, after the boost, can then belatdd with the Harris formula:
Eq.5 p = 803(t"%)/10°"%?'T where T = temperature K, p = case depth mm, andirhe in hours.

Subsequentlyytcan be expressed as function pby substituting these values in Eq.1.
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Boost time
Substituting the expressions obtained in Eq. 1Eqd3 for thetand t parameters in Eq. 2 results
in a unique uncertainty fog.t
The new equation is synthetically, even if not reathtically correctly expressed , showrkinn6
Eq.6 t, = p (107%™ / 802 - [K (%Csat — 0,8) /%Csat] [1,4‘“'1*5] [6(34500’1:98”)/411,85@
where %Csat is theEg.4 and ** is theEqg.5

Using a computer makes it possible to approximiagectlculations for the total time of boost and

diffusion required to obtain the needed case defith0.80% C in the surface.

Conclusions
In the vacuum carburising process, on the ste&aeira carbon saturation of the austenite occurs.
After this phenomena a time of diffusion will becessary to allow the penetration of the carbon
downward the core, until the surface reach thgetaof 0.8% C concentration.
The boost diffusion time was until now experimelytabtained and reported on tables that was utilise
by technicians to set up the carburising prograrthe furnace computer.
In this work, instead, the time calculation is hahatically planned and start from temperature and
case depth set up of the process, with this pasantieé computer aboard furnace can calculate the
boost and diffusion time automatically.
The diffusion algorithm has been calculated by kirep up ad analyse mathematically the
experimental data achieved by the behaviour ofcimbon, while is going from surface toward the
core. Three parameters have been analysed:

- Surface carbon concentration

- Case depth

- Temperature
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The boost time is instead calculated using megiltat equations take from literature, adapted to
calculation requirement.
The final algorithms are complex, but with the hugdculation power of the modern computer this is

not a problem.
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