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For the past decade or so it has been possible to inte-

grate heat treatment into the machining facility by apply-

ing Low Pressure Carburizing (LPC) and High Pressure 

Gas Quenching (HPGQ) technologies. The components 

are collected into big batches after soft machining and 

treated using the LPC and HPGQ processes. This means 

that the heat treatment is not synchronized with soft and 

hard machining, however, since the components must be 

collected in buffers before heat treatment and then sepa-

rated once again afterward.

In order to totally integrate heat treatment into the 

manufacturing line, and to synchronize heat treatment 

with machining, ALD Vacuum Technologies has developed 

a new heat treatment module. Following the philosophy 

of “One-Piece Flow,” the parts are taken one by one from 

the soft machining unit, heat treated in time with the cycle 

time of soft machining (Synchronized Heat Treatment), 

and then passed down one by one to the hard machining 

unit.

To allow for rapid case hardening the components are 

low pressure carburized at high temperatures (1050°C), 

followed by gas quenching. In addition to the cost-savings 

for logistics, the new concept in equipment offers the fol-

lowing advantages:

s฀฀)NDIVIDUAL฀ PROCESSES฀ ARE฀ CUSTOMIZED฀ FOR฀ EACH฀ GEAR฀

component;

s฀฀(OMOGENOUS฀ AND฀ QUICK฀ HEATING฀ OF฀ THE฀ COMPONENTS�฀

therefore low spread of distortion;

s฀฀(OMOGENOUS฀AND฀CONTROLLABLE฀GAS฀QUENCHING�฀THEREFORE฀

low spread of distortion;

s฀฀%NVIRONMENTALLY฀ FRIENDLY฀ CARBURIZING฀ AND฀ QUENCHING�฀

and;

s฀฀#OMPACT฀AND฀SPACE
SAVING฀HEAT฀TREAT฀MODULE�

This paper introduces the new process technology and 

the new heat treatment module.

INTRODUCTION
As mentioned previously, integrating heat treatment into 

the manufacturing line has been a topic of discussion for 

many years. Today’s production philosophy for gear compo-

nents usually relies on the traditional separation between 

soft machining, heat treatment, and hard machining. Heat 

treatment is performed in a central hardening shop, and 

there is no continuous flow of production parts between 

the different operations such as soft machining, heat 

treatment, shot peening, and hard machining. Instead the 

parts are first collected into batches and then moved from 

operation to operation, so large numbers of production 

parts are being stored in buffers or are in transit between 

the different operations. A continuous flow of production 

parts between operations is only occurring today between 

some of the soft machining operations and some hard 

machining operations. This discontinuous flow of produc-

tion results in increased logistical and documentation 

efforts, increased turnaround times and, ultimately, in 

increased production costs.

NEW PRODUCTION PHILOSOPHY
In order to establish a more effective and economic pro-

duction of gear components, the goal is to move away 

from batch-type logistics and toward a “One-Piece Flow” 

(OPF) of production (see fig.1). The goal is to move single 

parts from operation to operation instead of moving 

Fig. 1: Gear 

manufactur-

ing with cen-

tral harden-

ing shop and 

with “One-

Piece Flow” 

integrated 

manufactur-

ing lines.
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batches of parts. This OPF production system would realize a continu-

ous flow of production parts and avoid huge efforts made in the stor-

age and transportation of parts between operations [1,2]. If such a 

total integration of all operations can be established it will offer new 

possibilities for automation, which again leads to a reduction of costs. 

Additionally, a higher level of automation will result in a reduction of 

quality defects.

As mentioned, for the past decade it has been possible to integrate 

heat treatment at least partially into the machining facility by utilizing 

Low Pressure Carburizing (LPC) and High Pressure Gas Quenching 

(HPGQ). But even with the introduction of LPC it was not possible to 

realize a total integration of all operations, because the equipment was 

based on the treatment of large batches. These batches consist of 

several layers of production parts called “3D batches.”

To allow for a total integration of heat treatment into the manufactur-

ing line, it was necessary to develop a new process technology and new 

equipment for case hardening. This new technology needs to provide 

the following:

s฀฀2APID฀CASE฀HARDENING฀TO฀MATCH฀THE฀CYCLE฀TIME฀OF฀SOFT฀MACHINING�

s฀,OW฀ENERGY฀CONSUMPTION฀AND฀CONSUMPTION฀OF฀PROCESS฀GASES�

s฀,OW฀HEAT฀TREAT฀DISTORTIONS�

s฀)NTEGRATED฀QUALITY฀CONTROL�

s฀#OMPACT฀PIECE฀OF฀EQUIPMENT�฀AND�

s฀฀!N฀ECO
FRIENDLY฀TECHNOLOGY฀THAT฀CAN฀BE฀INTEGRATED฀INTO฀A฀MODERN฀PRO-

duction environment.

“ONE-PIECE FLOW” CASE 
HARDENING TECHNOLOGY
For a rapid case hardening process that matches the cycle times of soft 

machining, it is necessary to accelerate the carburizing cycle drastically. 

Developments toward accelerating the case hardening process began 

years ago. The established process of LPC [3,4,5] was successfully ele-

vated to higher temperatures to reduce process times [3,6]. However, 

this increase in process temperature called for the development of 

new micro-alloyed materials to avoid unwanted grain growth. Three 

fields were therefore identified that required development: materials, 

processes, and equipment.

 

Development of Materials
#ONVENTIONAL฀ CASE฀ HARDENING฀ STEELS฀ SUCH฀ AS฀ ��-N#R��฀ ��-N#R��฀

��#R.I-O�
��฀ETC��฀CAN฀DEVELOP฀UNWANTED฀GRAIN฀GROWTH฀WHEN฀TREATED฀AT฀

temperatures above 960°C. Several years ago steel suppliers started 

developing new micro-alloyed steel grades to prevent unwanted grain 

GROWTH฀;�=�฀4HESE฀MICRO
ALLOYING฀ELEMENTS฀FORM฀PRECIPITATES฀DURING฀THE฀

steel production process that act as grain boundary pinning particles, 

and thus detain abnormal grain growth during heat treatment at high 

temperatures.

For high temperature carburizing up to 1050°C, such steels 

HAVE฀A฀CONTROLLED฀AMOUNT฀OF฀NITROGEN฀.฀����
���฀PPM	฀AND฀ALU-

minum Al (250-350 ppm). Further, a small amount of niobium 

Fig. 3: “2D-batch” for single-layer heat treatment.

Fig. 2: Process cycle of Low Pressure Carburizing 

(LPC) and High Temperature-Low Pressure 

Carburizing (HT-LPC); CHD= 0,65 mm for both cases.

Fig. 4: SyncroTherm heat treat module with the 

quench cell in the front and the attached housing 

with six vertically arranged hot-zones (L x W x H = 

6 m x 2,8 m x 3,8 m). 
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.B฀����n���฀PPM	฀IS฀BEING฀ADDED฀TO฀THE฀

steel. The steel production process route 

is controlled in a way that an optimum 

SIZE฀ AND฀ DISTRIBUTION฀ OF฀ THE฀ !L�.	 
฀ AND฀

.B�#�.	 
PRECIPITATES฀ ARE฀ BEING฀ SECURED�฀

Several micro-alloyed steel grades have 

been developed and successfully tested 

jointly by steel suppliers and gear manu-

facturers [8,9]. Several gear manufactur-

ers are currently in the process of adjust-

ing their material specifications to allow 

for high temperature heat treatment. Any 

negative influence of micro-alloying on 

the gear machining process has not been 

reported.

Furthermore, the material needs to have 

a sufficient and controlled hardenability 

to allow for quenching with moderate 

quench intensities. High quench intensi-

ties should be avoided to facilitate a cost-

effective gas quench process. Typical 

steel grades suited for that process are 

��-N#R�
((�฀ ��-N#R-O��฀ ��-N#R��฀

��#R.I-O�
��฀OR฀��.I-O#R�
��

Development of Process
Low Pressure Carburizing (LPC) is a case 

hardening process that is performed in a 

pressure of only a few millibar in a pro-

tective atmosphere. In most applications 

acetylene is used as the carbon source. 

LPC is a clean and eco-friendly process 

Fig. 5: Temperature curves of different gear components heated by 

direct radiation in vacuum with single layer treatment (gear wheel 1: 0,9 

kg and D = 115 mm; gear wheel 2: 1,5 kg and D = 135 mm; Final Drive 

Ring: 1,7 kg and D = 185 mm).
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that provides case hardened parts with-

out any surface-oxidation [3,4,5].

LPC is usually combined with High 

Pressure Gas Quenching (HPGQ). During 

HPGQ the load is quenched using an 

inert gas stream instead of a liquid 

QUENCHING฀ MEDIA�฀ .ITROGEN฀ OR฀ HELIUM฀

are usually used as quench gas. HPGQ 

provides clean components and offers 

significant potentials for lower distortion 

values compared to oil quenching [3].

The case hardening process basically 

consists of three steps: austenitizing, 

carburizing, and quenching. Carburizing 

is a diffusion-controlled process. The 

diffusion coefficient of carbon in steel 

is strongly dependent on temperature. 

This means that the carburizing step 

during LPC can be accelerated strongly 

if the carburizing takes place at elevated 

temperatures. For example, when car-

burizing at 1030°C instead of 930°C the 

total treatment time of parts made of 

��#R.I-O�
�฀ IS฀ REDUCED฀ BY฀ ��฀ PERCENT฀

for a given case hardening depth CHD = 

1,5 mm [3].

This high temperature low pressure 

carburizing HT-LPC has recently been 

developed and tested successfully [3,6]. 

Combined with gas quenching, it offers 

a rapid case hardening process with low 

values of heat treat distortions. Figure 

2 shows the comparison between a con-

ventional LPC process and the HT-LPC 

process. For a given CHD of 0,65 mm, 

the cycle time is reduced from 180 min 

to 40 min.

Development of 
Equipment
As described above, the carburizing 

cycle can be accelerated drastically by 

the application of HT-LPC. However, this 

accelerated process still does not allow 

the carburizing of one part after another 

Fig. 6: Process results after HT-LPC 

process with single layer treatment 

and a cycle time of 38 min.
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while matching the cycle time of soft 

machining, so it was decided to perform 

the case hardening in single layers of 

parts called “2D batches” (fig. 3).

These 2D batches can be heated up 

to carburizing temperature much more 

quickly than large 3D batches consisting 

of several layers due to effective heat 

transfer by direct radiation in vacuum. 

Additionally, the single layer concept 

offers a very homogenous treatment in 

all process steps such as austenitizing, 

carburizing, and quenching.

Figure 4 shows the new SyncroTherm®  

heat treatment module, developed 

and filed for patent by ALD Vacuum 

Technologies. This heat treatment module 

allows total integration into the manufac-

turing line, and therefore a synchronized 

production with gear machining. Following 

the philosophy of “One-Piece Flow,“ the 

parts are taken one by one from the 

soft machining unit, heat treated in time 

with the cycle time of soft machining 

(Synchronized Heat Treatment), and then 

passed down individually to the hard 

machining unit. Although the parts are 

not treated singly but in trays, they are 

individually loaded to the heat treat unit 

and unloaded from it in the same way, 

so the continuous flow of single parts is 

established.

A 2D batch with untreated “green” 

parts enters the system through the 

door of the quench cell. After evacuating, 

the tray is then brought with an elevator 

through the housing into one of the “hot 

zones.” A hot zone is a single slot that 

can hold one tray of parts. There are six 

hot zones arranged vertically inside the 

housing. The pressure in all hot zones is 

identical, but each hot zone has its own 

temperature control and supply of pro-

cess gases. Once the tray has entered a 

hot zone it is being heated up rapidly from 

all sides and then carburized at 1050°C 

using acetylene. After the carburizing is 

completed, the tray is brought with the 

elevator back to the quench cell. After 

closing the door between quench cell and 

Fig. 7: Synchronized manufacturing line for gear components 

(FELSOMAT FlexLine with integrated ALD SyncroTherm module).
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housing the quench cell is flooded with 

nitrogen, which circulates through the 

cell. A heat exchanger inside the quench 

cell is used to recool the circulating gas. 

The system works with a maximum gas 

pressure of 10 bar nitrogen. But to keep 

running costs low it is recommended to 

quench with max. 6 bar nitrogen. Once 

the quenching is completed the quench 

cell is vented to atmospheric pressure, 

and the parts are then removed from the 

SyncroTherm unit and enter the temper-

ing unit. After tempering the parts are 

singularized again and passed down indi-

vidually to the hard machining unit.

The SyncroTherm system has inte-

grated quality control; If the process 

parameters are out of specification for a 

tray of parts, then the tray is automati-

cally discharged from the manufacturing 

line and quarantined. 

RESULTS
The cycle times as given in fig 2. were 

tested and verified successfully. Figure 

5 shows the heating curves of differ-

ent gear components measured with a 

mobile temperature-logging device.

All three different gear wheels were 

heated within 16 min up to the carburizing 

temperature of 1050°C. This quick heat-

ing, in combination with the HT-LPC pro-

cess, results in very short process cycles. 

Figure 6 shows the quality achieved dur-

Fig. 8: Layout of two synchronized manufacturing lines for gear compo-

nents (FELSOMAT FlexLine with integrated ALD SyncroTherm module).
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ing a 38 min cycle on gear wheels made 

OF฀ ��#R.I-O�฀ �฀ MATERIAL�฀ 4HE฀ TARGETED฀

CHD of 0,6 mm and all other specified 

values were met successfully.

CAPACITY 
Depending on the needed capacity, a 

SyncroTherm unit can be equipped with 

different numbers of hot zones. Table 1 

shows an example of how to calculate 

the necessary number of hot zones. 

In this example one gear wheel leaves 

the soft machining operation every 20 

seconds. The calculation shows that it 

is necessary to install 1 SyncroTherm 

unit with six hot zones to achieve the tar-

geted CHD of 0,65 mm and to match the 

given cycle time from soft machining.

INTEGRATED 
MANUFACTURING LINE
The integration of a SyncroTherm module 

into a fully automated manufacturing 

LINE฀ IS฀ SHOWN฀ IN฀ FIG�฀ ��฀ 4HIS฀ &%,3/-!4฀

FlexLine® consists of several modular 

production segments. The “green” blanks 

enter the system from the left. The first 

operation is the green machining unit—

turning, hobbing, chamfering, and deburr-

ing—followed by the ALD SyncroTherm 

unit and then the hard machining unit 

(hard turning/grinding, gear hard finish-

ing, and washing). Finished gear compo-

nents leave the system on the right and 

are ready for assembly.

The level of automation can be chosen 

from “Chaku-Chaku” to “fully automated” 

for all units. Tracking of parts and quality 

documentation of all operations is done 

on one central computer. The advan-

tages of this synchronized manufacturing 

LINE฀�&%,3/-!4฀&LEX,INE	฀ARE�

s฀฀,INE฀/%%฀��฀PERCENT฀HIGH฀VALUE฀STREAM฀

due to One-Piece Flow process chain;

s฀฀3TANDARDIZED฀ PROCESSES�฀ PRODUCTS�฀

equipment, infrastructure, and orga-

nization;

s฀฀,INE฀CYCLE฀TIME฀��
��
��฀SEC��฀STRICTLY฀

synchronized, scalable according to 

the pacemaker process;

s฀฀4HROUGHPUT฀ TIME฀ �฀ �฀ HOURS฀ INCL�฀ HEAT฀

treatment (HT-LPC & HPGQ);

s฀฀#HANGEOVER฀ TIME฀ �฀ �฀ MIN�฀ CAPACITY฀

impact per batch (due to quick change 

of tooling, FIFO-philosophy and con-

7)0
+ANBAN	�

s฀฀#OMPACT฀INSTALLATION�฀REQUIRED฀SPACE฀IS฀

only 50 percent of the space required 

for conventional production.

The potential layout of two integrated 

manufacturing lines can be found in fig. 8.

SUMMARY AND  
FUTURE WORKS
Conventional gear manufacturing con-

cepts rely on the separation of different 

operations such as soft machining, heat 

treatment, and hard machining. This 

implies high logistical efforts, efforts 

for documentation, and high turnaround 

times, which ultimately leads to avoid-

able production costs.

7ITH฀ RECENT฀ DEVELOPMENTS฀ REGARDING฀

materials, process, and equipment it is 

now possible to integrate heat treatment 

into the gear manufacturing line and to 

synchronize heat treatment with gear 

MACHINING�฀ -ICRO
ALLOYED฀ STEELS฀ HAVE฀

been developed that prevent grain growth 

even at high carburizing temperatures 

of up to 1050°C. The process of High 

Temperature Low Pressure Carburizing 

(HT-LPC) was successfully developed, 

which now allows for rapid case harden-

ing. Consequently, a new heat treat mod-

ule was designed and built that can be 

integrated into the manufacturing line. 

This new module, called SyncroTherm, 

offers a rapid heat treatment process 

that is fast enough to match the cycle 

times of soft and hard machining. In 

this system the parts are being treated 

in single layers instead of large batches 

consisting of several layers. Following 

the philosophy of “One-Piece Flow,” the 

parts are taken individually from the soft 

machining unit and passed down one by 

one to the hard machining unit.

Since the parts are treated in single 

layers instead of large batches, this new 

heat treat system provides a very homog-

enous treatment in all process steps 

such as austenitizing, carburizing, and 

quenching. This homogenous treatment 

offers potentials to reduce heat treat 

distortions significantly.

A prototype SyncroTherm unit has been 

installed in ALD’s lab in Hanau. Gears 

with different geometries made of vari-

ous micro-alloyed steels will be tested in 

future trials. The turnaround times and 

Table 1: Calculation of the needed installed capacity of a SyncroTherm 

unit to match a given cycle time of 1 part per 20 sec. from soft machining.
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the metallurgical quality will be checked. Furthermore, special 

test series will be initiated in order to optimize heat treat dis-

tortions. If distortion is reduced significantly, then subsequent 

hard machining operations can be reduced, or maybe even 

completely eliminated.    
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