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Abstract. The development of new vehicles generations lighter and safer is still a challenge. 
Therefore, several companies are looking for innovative and efficient solutions able to combine 
hard and soft zones in the same structural part. In this work, attention is paid on the press hardening 
process with the integration of an intermediate pre-cooling, which involves a secondary furnace 
where the temperature for hard zones is maintained at the complete austenitization one and soft 
zones are cooled. A numerical-experimental analysis was carried-out to understand how process 
parameters, i.e., the pre-cooling temperature and the time taken for the pre-cooling phase, 
influenced the mechanical properties of the component. As a case study, an automotive B-Pillar in 
USIBOR®1500 was chosen. For this study, a Finite Element (FE) model was developed for the 
numerical simulation of the press-hardening technology, varying process parameters. The FE 
thermal cycles were experimentally reproduced on samples using a Gleeble®3180 thermo-
mechanical physical simulator. After physical simulation, tensile tests, hardness tests and 
metallographic analysis were carried out on treated samples, with the aim of measuring their 
mechanical properties.  
Introduction 
In automotive field, some components require higher stiffness, strength, or energy absorbing 
capacity in a specific area [1]. In press hardened components, to achieve tailored properties (soft 
and hard zones on a single component) several technologies have been developed. In the following, 
examples of tailored process technologies, which exploit heat treatment to produce different 
microstructures and mechanical properties, are listed. First, the Tailored Blank Heating (THB) 
technology allows to obtain soft zones by controlling the blank temperature in the furnace before 
the process. Specifically, these soft areas are not fully austenitized [2]. Second, soft zones can be 
realized after the press hardening process by partially annealing the fully hardened part by means 
of laser or induction [3, 4]. Third, to obtain tailored properties while the press hardening process 
is ongoing, Tailored Tool Tempering (TTT) or Intermediate Pre-Cooling (IPC) techniques should 
be adopted. In the TTT approach, the fully austenitized blank is placed on the tool, but the part is 
cooled at different cooling rates through heating cartridges and cooling channels in tools in 
correspondence of the hard and soft zone, respectively [5, 6]. IPC approach, instead, is a relatively 
new tailored technology which employ a secondary furnace (tempering station) where the 
temperature of hard zones is maintained equal to that set in the first furnace (complete 
austenitization temperature), but soft zones are cooled [7]. This technology, compared to the 
conventional ones, is well suited to realize freely distribute soft zones on the component, e.g., soft 
flanges around the part and soft spots in the middle of the part. To this end, several intermediate 
cooling systems have been developed by different furnace makers. As an example, AP&T patented 



Sheet Metal 2023  Materials Research Forum LLC 
Materials Research Proceedings 25 (2023) 447-454  https://doi.org/10.21741/9781644902417-55 

 

 
448 

the application of multi-layer furnaces combined with the TemperBox® one [8]. The blanks are 
austenitized in the multi-layer furnace. Before the press hardening process, the blanks are moved 
into another furnace (the TemperBox®) where re-heating is done with masking. Masked areas are 
cooled below approximately 700 °C, meanwhile the unmasked areas are re-heated to 930 °C 
(complete austenitization temperature) [9]. In this work, the IPC technology was investigated to 
manufacture an automotive B-Pillar in USIBOR®1500 steel (22MnB5) which require two soft 
zones and one hard. Specifically, the influence of pre-cooling temperature in the second furnace 
(Tprecooling) and the time taken during this cooling on the mechanical properties of the component 
(tprecooling) were evaluated.  
Methodology 
The effect of the tempering station process parameters, i.e. Tprecooling and tprecooling, on mechanical 
properties of the component was investigated. The scheme of the process is reported in Fig. 1. 

For this study the following numerical-experimental methodology was adopted: 
(i) First, a Finite Element (FE) model for the numerical simulation of the press hardening 

process with IPC technology was developed in AutoForm R10. As a case study, an 
automotive B-Pillar was considered (Fig. 2). For this component, one hard zone and two soft 
zones are required, as highlighted in Fig. 2. The model has been implemented by considering 
a blank in Al-Si coated 22MnB5 steel of 1.3 mm thick with a ferritic-pearlitic initial 
microstructure. Twelve FE simulations were run by varying Tprecooling between 600 °C - 700 
°C and tprecooling between 30 s - 210 s. The process parameters set in the FE model were 
reported in Table 1. FE results in terms of the hardness on the final component were collected 
and then elaborated with the kriging technique [10] to obtain response surfaces of the 
hardness as a function of the pre-cooling temperature and time taken during the pre-cooling 
phase. Finally, FE thermal cycles in the hard zone and in one of the two soft zones (Soft 
region 2) were derived. 

 

 

Fig. 1: Scheme of the process investigated Fig. 2: B-Pillar investigated in  
this study 

(ii) Second, by setting the pre-cooling temperature at 600 °C, the thermal cycles, at different 
pre-cooling times, acquired for the soft and hard regions were physically simulated by 
means of the Gleeble®3180 system. For such tests, the Usibor®1500 specimens 1.3 mm 
thick, shown in Fig. 3 were adopted. During physical simulation tests, the specimens were 
instrumented with three thermocouples: one in the center of the specimen (control 
thermocouple) and the other two at a distance from the center of 5 mm and 15 mm, 
respectively. The four thermal cycles of the soft region, one for each pre-cooling time, were 
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physically simulated on eight specimens. Four of these eight specimens were subjected to 
the metallographic and hardness analyses, the other four were adopted for the tensile tests. 
These last specimens, however, were previously machined to obtain the specimen in Fig. 
4. The geometry of the specimen shown in Fig. 4 guarantees the location of the break in 
the central point (point in which control thermocouple was welded). The same procedure 
was adopted for the termo-mechanical cycles of the hard region. 

Table 1. Process parameters in FE model  

Process parameter Value 
Temperature of tools (Ttool) [°C] 80 
Initial temperature of the blank (Tblank) [°C] 950 
Pre-cooling Temperature (Tprecooling) [°C] 600 °C – 650 °C – 700 
Pre-cooling time (tprecooling) [s] 30 – 90 – 150 – 210 
Transport time from tempering furnace to 
press (ttransport2) [s] 5 

Transport time from austenitization furnace 
to tempering furnace (ttransport1) [s] 5 

Friction coefficient 0.4 
Forming velocity (v) [mm/s] 200 
HTC to Tool [mW/(mm2K)] 3.5 
Quenching Force (Fquench) [kN] 1.2E+04 

 

  

Fig. 3: Geometry of specimen adopted for 
physical simulation tests  

Fig. 4: Geometry of specimen adopted for tensile 
tests 

(iii) Third, after physical simulation tests, specimens were subjected to hardness tests, tensile 
tests and metallographic observations to experimentally understand how mechanical 
properties of hard and soft zone change with tprecooling parameter.  

Results 
FE results allowed to predict how metallurgical and mechanical properties of the studied 
component is affected by the pre-cooling temperature and the pre-cooling time in the second 
tempering furnace, by means of AutoForm-PhaseChange Plug-In and AutoForm-Thermo Plug-In. 
For example, for Tpreccoling of 600 °C, FE simulations predict, in the soft region (Soft region 2), a 
microstructural composition equal to 56.45 % of martensite, 3.9 % of ferrite and 39.65 % of bainite 
in correspondence of tprecooling equal to 30 s. On the other hand, for tprecooling equal to 210 s, the 
estimated microstructural composition is equal to 57.27 % of ferrite and 42.73 % of pearlite. In 
the hard region, instead, for each value of the pre-cooling time and pre-cooling temperature, a 
completely martensitic microstructure was observed with a mean value of hardness equal to 490 
HV10. Hardness results obtained in the soft region 2 with the FE simulation were collected and 
processed using the kriging technique to obtain the metamodel shown in Fig. 5. The increase in 
the pre-cooling time in the second tempering furnace leads to a reduction in hardness. In the 
explored range, the pre-cooling temperature has smaller effects on hardness. For this reason, 
Tpreccoling was set equal to 600 °C for the subsequent experimental analysis. Specifically, for 
Tpreccoling equal to 600 °C, thermal cycles of the process for each investigated pre-cooling time were 
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derived from FE model. These thermal cycles are shown in Fig. 6a and Fig. 6b for the hard region 
and soft region 2, respectively. 

 
Fig. 5: Metamodel of the hardness in the soft region 2 as a function of Tpreccoling and tpreccoling 

 

 

(a) (b) 
Fig. 6: FE thermal cycles at different values of pre-cooling time for: (a) the hard region and 

(b) the soft region 2 

FE thermal cycles in Fig. 6 were physically simulated using the Gleeble®3180 system on 
Usibor®1500 specimens, as described in the methodology section. To experimentally evaluate the 
hardness and the microstructure in the specimen center after physically simulating thermal cycles, 
the specimens were cut in the central section, mounted in an epoxy resin and then grinded and 
polished. Vickers hardness tests (load: 2 kg, dwell time: 10 s) were carried out, instead, for 
metallographic observations, the specimens were etched with a 2 % nital solution and observed by 
the Eclipse MA200 Nikon light microscope. The hardness mean values near the point in which 
control thermocouple was welded and the relative error bars are shown as a function of the pre-
cooling time in Fig. 7a and Fig. 7b for the soft region and the hard region, respectively. From Fig. 
7a, it can observe that an increase in the time taken in the pre-cooling phase in the second tempering 
furnace leads to a reduction in hardness in the soft region. Starting from a pre-cooling time equal 
to 150 s, the hardness remains quite constant and equal to the material hardness in the supply state. 
The hardness trend as a function of the pre-cooling time is in agreement with the FE one. However, 
the difference between numerical and experimental results of hardness is about 20 %. The results 
collected in Fig. 7b show a slight reduction of hardness with increasing the pre-cooling time also 
for the hard region. This issue is more evident if the hardness value related to tprecooling = 30 s and 
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the one obtained with tprecooling = 210 s are compared. In the hard region, the hardness trend as a 
function of the pre-cooling time does not match with the FE one. In fact, FE model estimated a 
constant hardness value for each value of the pre-cooling time.  

 

 

(a) (b) 
Fig. 7: Experimental hardness values for each investigated pre-cooling time in 

correspondence of (a) the soft region and (b) the hard region 

The phenomena determining the reduction of hardness are different for the soft and hard parts. 
In the soft region, the longer the time taken to cool this region, the lower the cooling rate. Low 
values of cooling rate lead to intersect the continuous cooling transformation (CCT) curves in 
correspondence of most ductile microstructural phases such as ferrite, perlite and bainite. In this 
way, the percentage of martensite is reduced, obtaining lower hardness values. In the hard region, 
instead, long tprecooling leads to an increase in the total time the blank remains at high temperature 
(950 °C). Geiger et al. [11], in fact, verified that the permanence at high temperature can cause the 
phenomenon of the austenite grain growth. Furthermore, it was reported that with increasing 
austenite grain size, the size of the lath martensite increases [12]. These aspects were deeper 
investigated and confirmed by means of metallographic analyses. In Fig. 8 the micrographs 
corresponding to the thermal cycles of the soft region for tprecooling equal to 30 s (Fig. 8a) and 
tprecooling equal to 210 s (Fig. 8b) are observed. Confirming FE results, from Fig. 8a a mixed ferritic-
pearlitic-martenitic-bainitic microstructure is observed for tprecooling equal to 30 s, while from Fig. 
8b, a ferritic-pearlitic microstructure was recorded for a tprecooling of 210 s. Fig. 9 shows the 
micrographs in the hard region for the minimum cooling time (Fig. 9a) and for the maximum pre-
cooling time (Fig. 9b) investigated. By comparing these two figures qualitatively, it is possible to 
observe larger martensitic laths in Fig. 9b respect to those observed in Fig. 9a. Results of 
metallographic analyses confirm that the reduction in hardness is due to an increase in the grain 
size, caused by a great value of dwell time at the complete austenitization temperature. 
By calculating the softening level in the soft region by means of equation 1, the histogram in 
Fig. 10 is obtained. 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑠𝑠𝑙𝑙𝑠𝑠𝑙𝑙 (%) = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑧𝑧𝑠𝑠𝑠𝑠 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧
  (1) 

Results in Fig. 10 show that the new tailored press-hardening technology with intermediate pre-
cooling allows to differentiate the mechanical properties of the component. For tprecooling = 30 s a 
softening of 26% is obtained. The maximum softening equal to 58% is recorded for tprecooling = 150 
s. 
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(a) (b) 
Fig. 8: Micrographs (1000X) corresponding to the thermal cycles of the soft region for 

tprecooling equal to 30 s (a) and tprecooling equal to 210 s 

  

(a) (b) 
Fig. 9: Micrographs (1000X) corresponding to the thermal cycles of the hard region for 

tprecooling equal to 30 s (a) and tprecooling equal to 210 s 

 
Fig.10: Softening level achieved with the investigated tailored press-hardening technology as a 

function of the pre-cooling time 

To verify the influence of the pre-cooling time in terms of Ultimate Tensile Strength (UTS) and 
elongation at break (EL) in the soft region, tensile tests were performed as described in 
methodology section. These tests were assisted by the Digital Image Correlation (DIC) system 
ARAMIS 3D (provided by GOM) to evaluate the local elongation of the specimen. Fig. 11a shows 
the obtained stress-strain curves evaluated in the rupture point. As an example, Fig. 11b shows the 
deformation distribution on the specimen subjected to the thermal cycle of the process with a 
tprecooling = 30 s and the relative rupture point (R). From Fig. 11a it is possible to observe that as the 
pre-cooling time increases, the UTS is reduced, in agreement with the hardness tests results. The 
high ultimate tensile strength at tprecooling=30 s is justified by the presence of a martensitic 
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microstructure fraction. The EL, instead, tends to increase with the increase in the pre-cooling 
time.  

The elongation at break is about 10 %, for tprecooling = 30 s and approximately 40 % for a pre-
cooling time equal to or higher than 90 s. In the maximum softening condition, the elongation at 
break is comparable with the one achieved with the tailored tool tempering approach [10].  

 

 

(a) (b) 
Fig. 11: (a) stress-strain curves measured in the rupture point and (b) the deformation 

distribution on the specimen subjected to the thermal cycle with a tprecooling = 30 s 

Conclusions  
The following conclusions can be drawn: 

• The combination between physical and numerical simulation allowed to study the new 
press-hardening process with the intermediate pre-cooling phase for manufacturing 
automotive component with tailored properties;  

• FE analysis had revealed that the most influent parameter on the component properties at 
the end of the process is the time taken during the taken for the pre-cooling phase in the 
second furnace; 

• Experimental analysis in the soft region showed, in agreement with FE results, that as the 
pre-cooling time increases, there is a reduction in hardness, ultimate tensile strength and 
an increase in the elongation at break. By means of the metallographic analysis, this 
behaviour was justified by the microstructural changes. Specifically, as the pre-cooling 
time increases the austenite is transformed in ductile microstructural phases such as ferrite, 
perlite and bainite. Instead, experimental analysis in the hard region showed that the pre-
cooling time influenced also its mechanical properties. In fact, the greater the pre-cooling 
time, the greater the high temperature dwell time in the hard region. The increase in the 
dwell time at high temperature caused a slight increase in the size of the martensitic lath, 
so a slight decrease in the hardness; 

• The comparison between tailored tool tempering approach and the one investigated in this 
work showed that the softening level and deformability reached in the soft region in the 
condition of maximum softening are comparable. However, the new explored approach 
can be of greater interest to automotive companies. In fact, the manufacturing cycle time 
to reach greater softening is lower in the tailored press-hardening technology with 
intermediate pre-cooling, since the dwell time in the second tempering furnace is a 
downtime in which the press machine is not involved.  
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