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The forging industry, and the production of high-strength forged parts in particular, saw no substantial progress 

in recent decades. High-strength parts continued to be made of well-tried steel grades which meet the economic 

and environmental production requirements, using mainly the conventional quenching and tempering. However, 

the latest findings in physical metallurgy of higher-silicon steels suggest that high-strength forgings can also be 

obtained by producing bainitic and martensitic microstructures. The first are of the CFB (carbide-free bainite) 

type and the latter comprise the QP (quenching-partitioning) microstructure. At greatly reduced processing costs, 

properties comparable to tempered martensite can thus be attained.  
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 Introduction  

Reducing production costs, improving the environ-

mental aspects of production and high safety are among 

the fundamental indicators which characterize the opera-

tion of forge shops. Today, the manufacture of forged 

parts comprises operations related to forging and heat tre-

atment [1]. This heat treatment of forged parts, typically 

normalizing or quenching and tempering, is often very 

costly but necessary for grain refinement and homogeni-

zation or for improving strength properties provided by 

quenched and tempered martensitic microstructure. In 

forge shops, the total heat treatment time of forged parts 

is generally between several hours and tens of hours, de-

pending on the material, type of treatment, temperature 

and the part’s size. 
High-strength quenched and tempered forgings with a 

microstructure of tempered martensite are today’s high-

end forging products [2,3]. Thanks to the latest findings 

in physical metallurgy of forged parts, a new generation 

of forged parts can be added to the class of high-strength 

forgings. Their microstructure consists of unconventional 

CF (carbide-free) bainite and QP martensite [4,5]. An im-

portant feature of the use of CFB-QP forged parts is their 

energy-efficient nature which, together with their strength 

and deformation parameters which equal or exceed typi-

cal characteristics of tempered martensite in conventional 

forging steels, promises considerable savings in the pro-

duction costs of high-strength forged products. 

The basis of the processing of CFB-QP forged parts 

uses some aspects of the austenite decomposition into ba-

inite-type structures upon cooling to the bainitic nose re-

gion. The austenite-bainite transformation in conventio-

nal forging steels for high-strength forged products, such 

as the 42CrMo4 grade, involves the following reaction: 

 

austenite → bainitic ferrite + cementite 

 

As this thermodynamic system has zero degrees of 

freedom, it should be equivalent to the eutectoid pearlitic 

transformation of austenite which is accompanied by a 

heavily exothermic reaction and a temperature plateau. 

Based on this marked similarity between pearlitic and ba-

initic transformations in conventional steels, one can ex-

pect the bainitic transformation to be exothermic as well. 

In thermodynamic terms, the austenite decomposition 

into bainite in CFB-QP forgings is very similar to the 

above reaction. Its products, however, are as follows: 

 

austenite → bainitic ferrite + retained austenite 

 

It follows that formation of the CFB should be exo-

thermic as well, i.e. releasing internal heat. This heat can 

be effectively used for processing the CFB-QP forged 

parts, leading to great reductions in post-forge operation 

times and energy demands. Another aspect of importance 

is microstructural evolution in CFB-QP forged parts. 

Their microstructure consists of a majority of bainitic fer-

rite, QP martensite and retained austenite. Retained aus-

tenite, unlike cementite or complex carbides in conventi-

onal bainite, does not impair ductility. It improves the 

toughness of CFB forged products thanks to the TRIP 

effect. 

 Experiments 

Based on certain assumptions and the knowledge of 

the course of the transformation of austenite to bainite, 

heat treatment sequences for a chosen forged part (Fig. 1) 

were designed. 

The forged part is an automobile brake caliper. It is 

made of the standard 42CrMo4 forging steel (Tab.1). Af-

ter progressive closed-die forging operations, the product 

is cooled in still air to room temperature and then norma-

lized for 2 hours.  

Normalizing is followed by quenching to room tem-

perature and tempering at 300°C for 4 hours. This provi-

des the forged part with strengths between 1000 and 

1200 MPa, yield strength levels of 750–1000 MPa, and 

total elongation of 6–9%. 
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Fig. 1 Forged brake caliper and indicated thermocouple locations 

Tab. 1 Chemical compositions of the 42CrMo4 conventional forging steel and 42SiCr CFB steel 

 Chemical composition [weight %]  

Steel designation C Si Mn Cr Mo Nb P S Ms [˚C] 

42CrMo4 0.43 0.25 0.60 1.2 0.15 0.001 0.009 0.025 310 

42SiCr 0.43 2.03 0.59 1.33 0.16 0.03 0.005 0.003 305 

 

For the purpose of testing the substitution of today’s 
high-strength forged parts treated to obtain tempered mar-

tensite with the processing of unconventional CFB-QP 

forgings, a small heat of unconventional steel designated 

as 42SiCr was manufactured and cast as a material for 

making demonstration forgings (Tab. 1). The demonstra-

tion forgings were machined from this steel using 

waterjet cutting according to accurate drawings. These 

forgings were then homogenized (1100°C/4 hrs) and nor-

malized (950°C/1 hr) in argon gas. After thermocouples 

had been attached to them, they were heated in a furnace 

to 1250°C and then cooled in a water bath. The thermo-
couples were employed to monitor temperature during 

cooling. Three thermocouples were attached to each for-

ged part at critical cross sections, i.e. those with the lar-

gest and smallest cross sectional area. 

For the purpose of simulating the manufacturing route 

of the forged parts, the measured temperature-time histo-

ries were converted to material-technological models for 

simulating the thermal cycles of the forged part: induction 

heating to the forging temperature of 1250°C, cooling 
from the forging temperature, stepwise quenching in a 

water batch and cooling in still air [6]. Due to physical 

limitations, forging could not be simulated by material-

technological modelling. Therefore, the microstructural 

response to forging deformation during cooling could not 

be explored. Instead, boundary conditions were introdu-

ced which in part reflected the effects of deformation. The 

first was the austenite grain size after forging. In the for-

ged part of 42CrMo4, the prior austenite grain size after 

cooling in still air from the finishing temperature was in 

the range 80–240 µm (Fig. 2). The microstructure was ra-
ther coarse from the technological standpoint. From this 

perspective, it is fair to assume that dynamic recrystalli-

zation dominated between the strengthening (plastic de-

formation) and softening (recrystallization) mechanisms.  

 

Fig. 2 Prior austenite grain size at monitored points on the cross section – 42CrMo4 steel – cooling in still air from the 

finishing temperature a) point 1 b) point 2
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From the viewpoint of the kinetics of the bainitic re-

action, the prior austenite grain size considerably affects 

the rate of austenite decomposition to bainite. From the 

general perspective, one can say that with decreasing aus-

tenite grain size, the rate of growth of bainite increases 

because with more grain boundaries the bainite nucle-

ation potential increases in the early stage of the bainitic 

transformation. On the other hand, however, it should be 

noted that comparable volume fractions of bainite are ob-

tained with both fine-grained and coarse-grained auste-

nite. The other boundary condition was the fact that dy-

namic recrystallization, which leads to severe grain coar-

sening, causes severe softening. This means that austenite 

is not stabilised by mechanical working prior to bainitic 

transformation, which would strongly suppress bainite 

nucleation on austenite grain boundaries. 

Experimental processing was carried out in a thermo-

mechanical simulator with induction-resistive heating 

[7]. Sheet samples with a gauge length of 20 mm and 1.5-

mm thickness were used as workpieces for processing 

and subsequent tensile testing. Prior to processing, they 

were homogenized and normalized in argon gas. 

2.1 Experimental processing CFB-QP 1 

The experiment involved modelling of an approxi-

mate thermal cycle of the forged part. It started with in-

duction heating to the forging temperature of 1250°C, 
followed by quenching of the forged part in water at room 

temperature for 15 seconds and subsequent cooling in 

still air (Fig. 3).  

 

Fig. 3 Temperature-time profile of the heat treatment of the experimental forged part at monitored points 1, 2, 3 – the 

CFB-QP 1 process sequence  

 

Differences between the temperature-time plots from 

thermocouples at individual locations on the forged part 

reflected the differences in the forged part’s processing 
time. At point 2 of the forged part, the temperature after 

the above-specified quenching time was 260°C, at point 
1 it was approximately 320°C and at point 3 it was 560°C. 
The measured temperature-time curves show an increase 

in temperature at points 1 and 2 after quenching. The li-

kely reason is the internal heat which was conducted to 

these monitored areas from the thicker surrounding regi-

ons of the forged part and also resulted from the exother-

mic austenite decomposition.  

This conclusion is corraborated by distinctive tempe-

rature plateaux seen in the right part of the temperature-

time plots from individual thermocouples. CF bainite was 

detected in the microstructure using scanning electron 

microscopy. All samples processed according to material-

technological models were found to contain a majority of 

CF bainite, fresh martensite and the M-A constituent (Fig. 

4).  

The lowest ultimate tensile strength (UTS) in the 

samples, which represented the monitored points on se-

veral cross sections of the forged part, was 1320 MPa in 

the sample for point 3. In the samples representing points 

1 and 2, the UTS values were comparable, 1440 MPa and 

1450 MPa, respectively. The highest total elongation, 

TE20mm = 12%, was found in the sample processed accor-

ding to the material-technological model of point 3. The 
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lowest value, TE20mm = 9%, was found in the sample re-

presenting the material-technological model of point 1 

(Tab. 2). 

 

Fig. 4 Microstructures in samples representing mate-

rial-technological models of points 1 through 3 – experi-

mental processing CFB-QP 1, B-bainite, RA – retained 

austenite, M – martensite 

Tab. 2 Values of UTS, YS, TE20mm and YS/UTS in samples 

processed according to material-technological models of 

points 1 through 3 in the forged part – experimental pro-

cessing CFB-QP1 

 
UTS 

[MPa] 

YS 

[MPa] 
TE20mm YS/UTS 

Point 1 1440 1200 9 0.83 

Point 2 1450 1185 11 0.81 

Point 3 1320 1060 12 0.80 

2.2 Experimental processing CFB-QP 2 

The experimental processing B2 of the forged part in-

volved modelling a thermal cycle that comprised heating 

to the forging temperature of 1250°C and subsequent 
two-step quenching in water bath (Fig. 5).  

In the first step, the forged part was submerged in the 

bath for 10 seconds, and the temperatures at individual 

points were as follows: point 1: 800°C, point 2: 520°C, 
point 3: 900°C. Afterwards, the forged part was removed 
from the bath and kept in air for 5 seconds, and then pla-

ced in the water bath again for 5 seconds, and then re-

moved and cooled in still air. As the forged part was re-

moved from the water bath for the second time, the tem-

perature was 450°C at point 1, but 260°C at point 2 and 

520°C at point 3. 

 

Fig. 5 Temperature-time plot of heat treatment of the experimental forged part at monitored points 1, 2, 3 – the CFB-

QP 2 processing sequence 

 

The temperature-time plot for the processing of the 

forged part indicated a likely bainitic transformation du-

ring a partially isothermal plateau following the second 

water cooling step. 

The microstructure of the sample processed according 

to the material-technological model which represented 

point 1 consisted mostly of CF bainite and a minority of 

the M-A constituent (Fig. 6). The microstructure of the 

sample processed according to the model of point 2 of the 

forged part consisted of what appeared to be tempered QP 



December 2019, Vol. 19, No. 6 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

970  indexed on: http://www.scopus.com  

martensite and M-A constituent. In the case of the sample 

processed according to the material-technological model 

of point 3, a microstructure of CF bainite, M-A constitu-

ent and retained austenite was observed.  

 

Fig. 6 Microstructure of the sample processed accor-

ding to the material-technological model of point 3 – ex-

perimental processing CFB-QP 2 

RA – retained austenite, TM - tempered martensite, MA 

– M-A constituent 

 

The lowest measured UTS value was found in the 

sample processed according to the material-technological 

model of point 3: UTS = 1330 MPa, together with the 

yield strength of YS = 1050 MPa and total elongation 

TE20mm = 16% (Fig. 8). In the samples processed accor-

ding to the material-technological models of points 1 and 

2, the ultimate tensile strengths were UTS = 1560 and 

1570 MPa, respectively, the yield strengths were YS = 

1250 and 1240 MPa, respectively, and the total elonga-

tion values were identical: TE20mm = 12% (Tab 3.) 

Tab. 3 Values of UTS, YS, TE20mm and YS/UTS for the 

samples processed according to material-technological 

models of points 1 through 3 in the forged parts – experi-

mental processing CFB-QP 2 

 
UTS 

[MPa] 

YS 

[MPa] 
TE20mm YS/UTS 

Point 1 1560 1250 12 0.80 

Point 2 1570 1240 12 0.78 

Point 3 1330 1050 16 0.78 

2.3 Experimental processing CFB-QP 3 

The processing sequence of the experimental forged 

part consisted of heating to the forging temperature of 

1250°C and subsequent stepwise cooling in water bath 
and air. In the first step, the forged part was submerged in 

the water bath for 13 seconds and then kept in air for 3 se-

conds (Fig. 7). Before it was removed from the water 

bath, the following temperatures had been recorded: point 

1: 785°C, point 2: 410°C, point 3: 840°C. In the second 
step, the forged part was submerged in water for 5 se-

conds and then left to cool in still air. 

Interrupted quenching of the forged part in the second 

step of the sequence led to the following temperatures: 

point 1: 465°C, point 2: 210°C, point 3: 670°C. Like in 
the above-discussed experimental processing sequences 

of the forged part, the temperature-time plots for the heat 

treatment of the forged part showed the progress of trans-

formation of austenite which occurred in the lower range 

of the bainitic transformation temperature interval for the 

42SiCr steel.  

 
Fig. 7 Temperature-time profiles for the heat treatment of the experimental forged part at monitored points 1, 2, 3 – the 

CFB-QP 3 processing sequence 
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Fig. 8 Microstructure of the sample processed accor-

ding to the material-technological model of point 3 – ex-

perimental processing CFB-QP 2 

B-bainite, RA – retained austenite, TM - tempered mar-

tensite, FM – fresh martensite 

 

The microstructure of the sample processed according 

to the material-technological model representing point 1 

consisted mostly of CF bainite, retained austenite and a 

minority of the M-A constituent (Fig. 8). The 

microstructure of the sample processed according to the 

model of point 2 on the forged part consisted probably of 

tempered QP martensite, CF bainite and retained auste-

nite. In the case of the sample processed according to the 

material-technological model of point 3, a microstructure 

of CF bainite, fresh martensite and retained austenite was 

observed.  

Tab. 3 Values of UTS, YS, TE20mm and YS/UTS for 

samples processed according to material-technological 

models of points 1 through 3 in the forged part – experi-

mental processing CFB-QP 3 

 
UTS 

[MPa] 

YS 

[MPa] 
TE20mm YS/UTS 

Point 1 1490 1215 11 0.81 

Point 2 1480 1190 10 0.80 

Point 3 1355 1015 15 0.75 

 

Among the samples processed according to material-

technological models representing the monitored points 

on cross sections through the forged part, the one with the 

lowest ultimate tensile strength (UTS) of 1355 MPa was 

the one corresponding to the material-technological mo-

del of point 3. At points 1 and 2, the UTS values were 

comparable: 1490 MPa and 1480 MPa, respectively. The 

yield strength at point 1 was YS = 1215 MPa, at point 2 

it was YS = 1190 MPa and at point 3 it was YS = 1015 

MPa. The highest total elongation, TE20mm = 15%, was 

found in the sample processed according to the material-

technological model of point 3. The lowest value, TE20mm 

= 10%, was found at point 2 (Tab. 4). 

 Conclusion 

This investigation focused on the feasibility of substi-

tuting the conventional treatment of a forged brake cali-

per of 42CrMo4, which consisted of normalizing, quen-

ching and tempering (tempered martensite), with a com-

bination of quenching and cooling in still air applied to 

the 42SiCr unconventional steel, which would lead to a 

microstructure of CF (carbide-free) bainite and QP mar-

tensite. In order to verify the usability of the treatment of 

unconventional CF forged parts, demonstration forged 

parts of 42SiCr steel were manufactured. At critical 

points of their cross sections, thermocouples were atta-

ched for monitoring temperature during cooling from the 

forging temperature. Using the temperature plots obta-

ined in this manner, physical models were created and 

employed for modelling temperature cycles which 

comprised induction heating to the forging temperature 

and subsequent stepwise quenching in water bath and 

cooling in still air in a thermomechanical simulator. The 

issues of deformation applied to the material during for-

ging and dynamic recrystallization of the workpiece at 

high temperatures were neglected because measuring 

temperature at critical cross-section points of the forged 

parts using thermocouples would have been unfeasible. 

Upon considering this, simplifying assumptions were 

adopted on the basis of earlier experience with treatment 

of forged parts. One of them concerned the fact that the 

grain size at this forging temperature, 1250°C, tends to be 
very large, between 80 and 240 µm. This is due to the in-
teraction between the applied deformation, strain unifor-

mity and dynamic recrystallization which plays a domi-

nant role at these temperatures in the softening pheno-

mena and grain coarsening. Furthermore, it was assumed 

that due to the high soaking temperature of the workpiece, 

dynamic recrystallization would prevent the deformation 

stabilization of austenite which would otherwise change 

the position of the curves in the CCT diagram.  

It follows from these experiments that in all these ex-

perimental processing sequences for forged parts of un-

conventional 42SiCr steel with increased silicon content, 

internal heat was released after cooling in the regions of 

bainitic or martensitic transformation. This occurred in 

the more massive parts of the forged part, most probably 

due to the slightly exothermic nature of the austenite-ba-

inite transformation. This phase transformation resulted 

in distinctive plateaux in the temperature-time curves in 

the regions of austenite decomposition into bainite, which 

showed a striking similarity to the isothermal plateaux 

which are seen, for instance, in pearlitic eutectoid trans-

formations. On the thinnest cross-section of the forged 

part, where changes in temperature were monitored with 

respect to the stepwise cooling in the water bath, inter-

rupted quenching below the Ms temperature was applied, 

followed by stepwise tempering – a modified Q&P pro-

cess. The microstructures of samples processed according 

to material-technological models of the more massive 

portions of the forged parts consisted mostly of CF bai-

nite, retained austenite and the M-A constituent or fresh 

martensite. In the samples processed according to mate-

rial-technological models of the thinnest cross section, 
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the microstructures comprised CF bainite, the M-A con-

stituent or fresh martensite and retained austenite, which 

relates to those processing sequences in which the forged 

parts were removed from the water bath during stepwise 

quenching before reaching the Ms temperature. The 

microstructure of the samples processed according to ma-

terial-technological models of the thinnest cross section 

of forged parts, in which stepwise quenching led to in-

complete quenching below the Ms temperature, consisted 

of tempered martensite, retained austenite and bainite.  

The ultimate tensile strengths (UTS) of the samples 

processed according to material-technological models 

were in the range of 1570–1290 MPa. The yield strength 

(YS) was in the range of 1250–790 MPa. Total elongation 

(TE20mm) reached the lowest value of 9% and the highest 

value of 20%. From a general perspective, the above-re-

ported static mechanical properties in of samples proces-

sed according to the material-technological models of 

CFB-QP forgings of the 42SiCr steel were comparable to 

the condition of forged parts of the conventional 

42CrMo4 steel after normalizing, quenching and tempe-

ring. However, a major advantage of CFB-QP forgings 

which are stepwise-quenched from the forging tempera-

ture over conventional forged parts might be the signifi-

cantly shorter production times and savings in manufactu-

ring and operating costs. Therefore, the next step will in-

volve experimental processing of forged parts in a forge 

shop using the unconventional 42SiCr steel and the 

above-described stepwise quenching from the forging 

temperature. 
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