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ABSTRACT
One of the many advantages of low pressure carburizing (LPC) is that it can be com-
bined with high-pressure gas quenching. This makes it possible to achieve workpiec-
es with pure metallic surfaces, less distortion hardening, and, above all, it allows a 
more reliable and repeatable treatment than conventional oil quenching. This article 
presents a study of the distortion rate of workpieces carburized at low pressure then 
quenched in nitrogen at 1.4 MPa. By comparing the distortion which takes place dur-
ing the carburizing stage only and the carburizing combined with post-carburizing 
heat treatment it will be possible to assess the distortion rate and its causes at the dif-
ferent stages of the heat treatment process. 

Keywords: thermo-chemical treatment, low pressure carburizing, distortion, gas 
quenching.

INTRODUCTION

Low pressure carburizing has numerous ad-
vantages over conventional carburizing meth-
ods, such as its greater speed (by applying higher 
treatment temperatures and atmospheres with 
a considerably higher carbon potential) and the 
absence of internal oxidation. Additionally, this 
method also allows the use of gases as cooling 
agents [5÷8, 11÷13].

During traditional post-carburizing heat treat-
ment, the most commonly used cooling agents 
are quenching oil, and on occasion emulsions 
and polymers with specific cooling properties. 
The major drawbacks of using oil are the fumes 
produced during quenching and the necessity to 
wash and rinse the treated parts between quench-
ing and tempering, which constitutes a serious 
ecological problem. Oil quenching also poses a 
fire hazard [3, 4, 10].

For these reasons, in modern LPC furnace 
systems, carburized parts are cooled using high 
pressure gas. Gas cooling agents – based mainly 
on nitrogen, helium, hydrogen or their compos-

ite – do not pollute the environment, ensure the 
treated steel parts have a clean, metallic surface, 
and do not require any additional treatment after 
quenching. After oil quenching, however, it is 
necessary to wash the parts, most commonly in 
alkaline baths, then to rinse and dry them. This 
in turn means it is necessary to neutralize drains 
and use oil residue separators. Additionally, 
systems with washing appliances occupy more 
space, whereas compact vacuum systems can be 
installed in technological lines, thus minimizing 
inter-operational transport [1, 3, 9, 10, 16].

The efficiency of gas quenching carburized 
batches largely depends on their type (cooling ca-
pacity), the pressure applied, and the speed of the 
gas streams flowing over the surface details. Heli-
um and hydrogen have the greatest quenching ca-
pacities of the gases used. However, despite their 
higher heat transfer coefficient, particularly that 
of hydrogen, neither gas is likely to be applied 
as a modern cooling agent in heat treatment. He-
lium is extremely expensive and requires costly 
and extensive recycling systems; while hydrogen, 
due to its high risk of explosion, poses a logistics 
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problem – although attempts are being made to 
eliminate this, for example by storing hydrogen 
in hydrides [2, 9, 16].

Currently, the most commonly used quenching 
agent in LPC is nitrogen. Vacuum furnace cham-
bers used for carburizing are adapted to work under 
a pressure of 2.5 MPa. These are single or double-
chamber furnaces, or modular line systems. In sin-
gle-chamber furnaces, the same chamber is used 
for heating and quenching batches. Quenching is 
carried out by circulating gas through a system of 
nozzles in the closed working area of the furnace 
in which the batch is directed. Double-chamber 
furnaces have a separate heat chamber and cooling 
chamber in which the batch is quenched. The sep-
arate cooling chamber provides a higher quench-
ing intensity. In mass production, where the treat-
ment process requires a higher intensity due to the 
number of workpieces, a modular line system is 
applied, in which one quenching chamber serves 
several vacuum carburizing chambers. There are 
two ways of implementing such a system: as con-
tinuous multi-chamber furnaces, or a nested multi-
chamber unit structure [9, 16].

The use of gas quenching at increased pres-
sure not only brings benefits to the environment, 
but also results in reduced distortion hardening 
and, above all, a more uniform hardening pro-
cess. This makes it easier to predict the required 
amount of surplus finishing treatment, and in the 
case of workpieces with lower accuracy demands 
(items with less complicated geometries), allows 
for a ‘one-off’ treatment [1, 3, 9,10 ,15 ,16].

The aim of the research carried out in this 
article was to estimate the distortion volume of 
16MnCr5 steel workpieces that takes place at the 
low pressure carburizing stage and results from 
the high pressure gas quenching (nitrogen) pro-
cess. It will thus be possible to evaluate the extent 
of distortion caused by diffusion saturation and 
gas quenching.

MATERIAL AND METHODS

Gear wheels made of 16MnCr5 steel (chemi-
cal composition Table 1), of module m = 5 and 
the number of teeth = 30 were vacuum carbur-
ized (Fig. 1). Carburizing was done in a one-
chamber furnace with high-pressure nitrogen 
cooling manufactured by Seco/Warwick S.A. 
The dimensions of the furnace heating chamber: 
600x600x900mm. Each gear wheel was posi-

tioned vertically in the middle area of the furnace 
chamber  on a special device, which guaranteed 
the well-defined and repeatable deployment dur-
ing carburizing and cooling. The first two teeth 
of each wheel were marked permanently on their 
side surfaces to ensure the repeatable conditions 
of the experiment (as shown in Fig. 1). Gear 
wheels, before the carburizing process, were 
annealed in vacuum at 860 °C for 3 hours. The 
carburizing atmosphere consisted of a mixture of 
acetylene - ethylene - hydrogen. Carburization 
was done in the FineCarb® technology [14]. The 
parameters of the carburized layer were designed: 
surface carbon concentration = 0.8%wt., effective 
case depth = 1.0 mm (for criterion = 0.4%wt.C). In 
order to achieve the desired carbon concentration 
profile, the duration of the boost/diffusion process 
segments was selected based on the simulation 
made using the SimVaCPlus® program.

The vacuum carburizing process stages are 
described below:
 • pumping up to pressure 10 Pa,
 • heating up to temperature 1050 °C with ramp 

10 °C/min.,
 • soaking for 20 min. at 1050 °C,
 • vacuum carburizing at 1050 °C, at pressure 

300÷800 Pa, boost/diffusion time [min.]: 
4:00/10:00, 2:00/17:00, 2:00/34:00, 2:00/31:00,

 
Fig. 1. Gearwheel used in researches, module = 5, 

number of teeth = 30 [3]

Table 1. Chemical composition 16MnCr5  steel used 
to research (%wt.)

C Mn Cr Ni Cu Si P S

[%wt.]

0,16 1,21 0,84 0,02 0,03 0,20 0,03 0,03
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 • precooling to temperature 860°C and soaking 
for 20 min.,

 • gas quenching (nitrogen) to 50°C at a pressure 
of 1.4 MPa or slow cooling of the furnace.

RESULTS AND DISCUSSION

After carburizing and gas quenching, on the 
outer layer a martensite structure with residual aus-
tenite could be observed (Fig. 2), while in the core 
of steel, a mixture of bainite with a small quantity 
of ferrite (Fig. 3). The surface layer carbon profile 
obtained in the vacuum carburizing processes are 
shown in Figure 4. The carbon concentration in a 
layer was measured with a glow discharge optical 
emission spectrometer – LECO GDS850A. As a 
result of LPC, the concentration of carbon on the 
outer layer of the treated steel was as predicted. 
Figure 5 shows the distribution of micro-hardness 
as a function of the distance from the surface for 
16MnCr5 steel obtained by vacuum carburiz-
ing and gas quenching. The hardness of the outer 
layer was normal, increasing incrementally  from 
the core to the outer layer, with a core value of ap-
proximately 440HV and a surface measurement of 
approximately 800HV. When there was a residual 
amount of austenite, the hardness on the outer lay-
er was slightly lower (approx. 750HV).

Measurements of the gear wheels used in 
the experiment were performed in order to de-
termine the effect of thermal treatment on de-
formations. Radial run-out was measured on 
the pitch diameter before and after carburizing 

 
Fig. 2. Microstructure of the surface layer of 

16MnCr5 steel after low pressure carburizing and gas 
quenching

 
Fig. 3. Core microstructure of 16MnCr5 steel after 

low pressure carburizing and gas quenching

 Fig. 4. The carbon profiles after low pressure carburizing processes of 16MnCr5 steel
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with or without gas quenching. Radial run-out 
was measured with an accuracy of ±0,001 mm 
by gearwheel measurement device manufac-
tured by Carl Zeiss Jena. The measurements 
were performed for each gear wheel by deter-
mination of the radius from the rotation axis to 
the pitch diameter.

The measurement results are shown in the dia-
grams presented in Fig. 6 and Fig. 7. The mean de-

formation is 8 ± 6 µm after gas quenching and 7 ± 6 
µm after slow cooling of the furnace. Next measure-
ment was made of the tooth thickness of each of the 
gear wheels on three different heights: on the head 
tooth (h1), on the pitch diameter (h2) and on the 
foot of the tooth (h3). The measuring position from 
the top of a tooth was: 1.5 mm (h1), 5.0 mm (h2) 
and 9.5 mm (h3), as shown in Fig. 8. The results of 
these study are presented in figure 9 and 10.  The 

 Fig. 5. Microhardness profile of 16MnCr5 steel after low pressure carburizing with hardening

 Fig. 6. Radial run-out of gear wheels made of 16MnCr5 steel before and after low pressure carburizing with 
slow cooling of the furnace
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average size of the deformation the thickness of the 
teeth for the gear wheels after gas quenching and 
slow cooling of the furnace presented in Table 2.

An assessment of the distortion of gear-
wheels was based on the measurements of radial 
run-outs and the diversity in notch thickness. 
There was a slight increase in the average val-
ue of the radial run-out measured on the pitch 
diameter after carburizing and gas quenching 
compared to the carburizing only without any 

Fig. 7. Radial run-out of gear wheels made of 16MnCr5 steel before and after low pressure carburizing 
with gas hardening

 Fig. 8. Places of the thickness measurement
 of the teeth [3]

 Fig. 9. Deformation of gear teeth made   of 16MnCr5 steel after low pressure carburizing with slow cooling of 
the furnace
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quenching. However, the distortion is more uni-
form after carburizing only than after the accom-
panied quenching in gas.

The distortion volume estimated on the thick-
ness range of the gearwheel is more considerable. 
After carburizing and quenching, the increase in 
distortion of the thickness of the tooth was clearly 
visible, which was not the case after carburizing 
only. The average distortion between the head and 
foot of the tooth was approximately 0.070 mm to 
0.120 mm. After carburizing only, this figure was 
approximately 0.045 to 0.065 mm.

CONCLUSIONS

Based on the research presented, the follow-
ing conclusions can be drawn:
1. High pressure gas quenching  after carburiz-

ing causes an increase in the distortion of av-
erage-sized tooth in gearwheels made of the 
16MnCr5 steel of about 50-70%.

2. As a result of quenching, the distortion of the 
evolvent increases, which makes the correc-
tion of tooth sizes more difficult.

3. After quenching in gas, the character and re-
peatability of deformation on the wheel cir-
cumference  is intact, therefore making it is 
easier to predict the surplus for the finishing 
shaping processes.

4. The distortion volume is estimated based on the 
radial run-out only, as with such a tooth size the 
full distortion volume as a result of heat treat-
ment after carburizing is not rendered.
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