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INTRODUCTION 
 The components of today’s modern fuel injection systems are ex-
posed to high pressure load cycles, which result in high require-
ments regarding the mechanical and microstructural properties 
of the materials. Steels with bainitic microstructure are the first 
choice to satisfy these demands. 
Such microstructures ensure a good combination of high strength 
and sufficient toughness at a low percentage of retained austen-
ite. Bainitic heat treatment also results in a low distortion and a 
higher plasticity in comparison to martensite. The currently ap-
plied technology for the  generation of a bainitic microstructure 
uses an atmospheric austenitization furnace followed by a salt 
bath quenching. 

The development and realization of concepts to optimize engines 
in terms of performance and fuel-consumption poses a higher 
thermo-mechanical load on the components due to the resulting 
increase in pressure. Here, the classic bainitic heat treatment with 
salt bath quenching is increasingly  reaching its limits. The use of 
atmospheric technology during the austenitization process  can 
cause a negative influence on the near-surface material compo-
sition due to decarburization or  carburization  and  oxidation,  
thus,  an  additional  hard  machining  is  necessary.  This,  again, 
leads to a decrease in the load capacity of the components. In 
addition, especially for injection systems,  many  components,  
such  as  valve  bodies  or  valve  pieces,  have  blind  holes  and  
bores with a high length-to-diameter ratio, thus it is becoming 
more and more difficult to clean those complex geometries once 
the salt bath treatment is done. The toxic salt bath is also hazard-
ous in both operation and disposal under environmental aspects. 
The  so-called  dry  austempering,  which  is  a  vacuum  proc-
ess  followed  by  a  high  pressure  gas quenching, avoids these 
drawbacks and also offers the potential of high process control 
and almost in-line capability [1]. The distortion is also minimized 
through a variable quenching intensity. The process conditions 
enable optimized charging concepts with adequate positioning 
of the components thus allowing a targeted fluid flow with re-
spect to critical component areas and result in a lower scatter per 
batch. Also due to the lower heat transfer coefficient, the process 
is limited to a smaller component volume for a given material 
compared to the salt bath process. 
The new process equipment for the dry austempering heat treat-
ment leads to changes in process flow and process parameters. 
Both differ significantly compared to the austempering process in 
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salt bath. Therefore, the interactions between the new heat treat-
ment process and the generated microstructure are not com-
pletely understood. For that reason, a series of tests were carried 
out with systematically varied process parameters. The aim of the 
investigation is to understand the interactions between process 
parameters and the microstructural and mechanical properties. 
This paper is focused on the effect of the austenitizing temper-
ature and the differences between a one-step and a two-step 
transformation process on the mechanical properties.  
In situ X-ray diffraction measurements show the effects of these 
process parameters on the transformation  kinetics.  This  kinetics  
is  related  to  the  resulting  mechanical  and  material  proper-
ties obtained from hardness measurements, cyclic load increase 
tests, and microstructural investigations by scanning electron 
microscope. 

BAINITIC TRANSFORMATION 
There are several different models to explain the bainite transfor-
mation [2]. The scientific preponderance is in favor of a displacive 
theory of transformation [3]. The driving force behind the trans-
formation is given by the difference between the free energies 
of the parent phase and the product phase. The transformation 
of austenite to ferrite of the same composition has a thermody-
namic driving force as long as the austenite has a higher free 
energy than the ferrite. The transformation starts with a subunit 
of bainitic ferrite which nucleates with carbon partitioning at 
the austenite grain boundaries. This subunit grows displacively. 
The large strains associated with the shape change cannot be 
sustained by the austenite, which has a lower strength at high 
temperatures. So the growth is halted by plastic relaxation in the 
adjacent austenite. In comparison to the martensitic transforma-
tion, carbon diffuses in the adjacent austenite during the bainitic 
transformation due to the high transformation temperatures. The 
next plate has to grow from a carbon-enriched austenite. This 
process continuous until diffusionless transformation becomes 
impossible at the so called T0-boundary, at which austenite and 
ferrite have equal gibbs free energy and zero driving force [3]. 
A further transformation can only occur by increasing the free 
energy of the austenite, for example, by reducing the carbon con-
tent due to carbide precipitation from the austenite.  
Depending on the transition temperature and the related pre-
cipitation kinetics, a differentiation between  upper  and  lower  
bainite  is  done.  At  low  transformation  temperatures,  no  
significant fraction of the carbon can diffuse away from the fer-
rite into the austenite due to the low diffusivity of the carbon and 
the high transformation speed. There is thus initially a martensitic 
transformation of austenite at nearly full carbon supersaturation 
so that the carbon content of the newly generated ferrite is al-
most equal to that of prior austenite. The high carbon content 
in ferrite can be reduced by carbide precipitation in the ferrite 
as well as by diffusion out of ferrite into the retained austenite. 

There are two kinds of cementite precipitations in lower bainite: 
those which precipitate inside the supersaturated ferrite (in a 
single crystallographic variant of about 60° to the  growth  direc-
tion  of  the  ferrite  platelets)  and  others  which  grow  from  
the  carbon-enriched retained austenite between the bainitic fer-
rite platelets. Due to the reduced diffusion of the carbon in the 
austenite, as a consequence of the low temperature, fewer and 
finer carbides precipitate between the needles in lower bainite 
than in upper bainite. The absence of these coarse and brittle 
particles makes the lower bainite interesting for industrial ap-
plications. 
Increasing austenitizing temperature increases the level of dis-
solved carbon in the austenite. Dis-solved carbon is the main in-
fluencing factor with respect to the morphology of bainite. With 
in-creasing carbon content in austenite the growth of the bainite 
needles stops earlier because the difference between the gibb´s 
energies of austenite and ferrite is lower. Accordingly, the nee-
dles become  thinner  and  more  numerous  [4].  In  addition,  the  
incubation  period  is  prolonged,  the bainite start temperature 
is lowered and the martensite start temperature decreases [5; 6]. 
Raised carbon content also supports the formation of carbides 
from both the austenite and ferrite. 
Because of the incomplete reaction phenomenon and the slow 
diffusion of carbon into austenite, the transformation to an al-
most retained austenite-free condition takes a long time which 
is not practical  for  industrial  application.  Therefore,  a  two-
step  bainitic  transformation  (increasing  of the transformation 
temperature after a certain time) is applied in the industry to 
reduce the process time. It was already shown that the two-step 
transformation results in a more ductile material behavior with 
improved strength properties [5; 7; 8]. This is due to a relaxation 
of the transformation  induced  distortions  at  higher  tempera-
tures.  The  consequence  for  components  is  that the stress 
fields are more homogeneous, which results in a better ductility.  
 
EXPERIMENTAL 
Material and samples 
For  the  investigations,  specimens  were  manufactured  from  
the  bearing  steel  100Cr6  (1.3505, AISI 52100) with a high 
cleanliness level (fine size and distribution of non-metallic in-
clusions) produced  by  ingot  casting.  The  steel  billets  were  
hot-rolled  to  bars  of  14 mm  in  diameter  and spheroidized  
annealed.  This  steel  is  frequently  applied  in  automotive  
industry,  e.g.  for  diesel injection components. The chemical 
composition of this steel is shown in Table 1. 
The specimens for mechanical testing were hard machined after 
the heat treatment process. The load increase tests were con-
ducted with round specimens with a conical end.  Fig. 1 shows 
the technical drawing (values in mm) of the specimens.  
The   iXRD   measurements   were   carried   out   with   grinded   
plates   of   a   dimension   of 12 mm x 12 mm x 1 mm.  
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IN SITU XRD MEASUREMENTS 
In situ XRD (iXRD) measurements are used to study phase trans-
formation kinetics.  
Setup of in situ XRD 
The iXRD measurements are performed with a Seifert XRD 3003 

fast in situ at Aalen university. A detailed description of the 
method can be found in this proceeding (A. Kopp: Investigation 
of phase transformations in steel using fast in situ X-Ray diffrac-
tion).  
 

Tab. 1 - Chemical  composition  of  base  material  of  the  bearing  steel  100Cr6  according  to  DIn en 683-17 and measurement 
result of the melt. 

elements C Si mn p S Cr mo Al Cu ni

Concentration 
[Wt.-%] (DIn) 

0.93 - 
1.05 

0.15 - 
0.35 

0.25 - 
0.45 

max.
0.025 

max. 
0.015 

1.35 - 
1.60 

max.
0.10 

max. 
0.50 

- - 

measured concentration 
[Wt.-%] 

0.94       0.29       0.28      0.004     0.001      1.46       0.05      0.031     0.075      0.08

Fig. 1 - Specimen with conical end for load increase tests and tensile tests. 
 

Fig. 2 - Set-up of in Situ XRD. 
 
 

Fig. 3 - Adjusting of sample temperature by regulation of the 
gas flow on the basis of a thermocouple at the bottom side of 

the sample. 

The measurement is performed with a Co-Anode (35 kv, 50 mA) 
and a Fe-Filter (primary side). 
In contrast to conventional XRD measurements, the diffracted 
X-rays are detected by means of 3 linear detectors. The captured 
2-θ-sector is thus 48°. Therefore, a high temporal resolution 
XRD measurement of dynamic processes with a scan time of 1 
s can be realized. The measurement is performed on a sample 
which is situated in a furnace. The furnace is equipped with a 
radiation-transparent  window  made  of  kapton  (see  Fig. 2).  
Temperature  profiles  are  able  to  be  realized with the sample 

in this furnace during the iXRD measurement. The heating of the 
specimen is carried out in vacuum by means of graphite radiant 
heaters, which are mounted over the sample. 
quenching  is  realized  by  means  of  a  gas  stream  directed  
onto  the  sample.  The  system  is  con-trolled by controlling the 
flow rate of the gas supply and the heat output of the radiant 
heaters. 
Controlled  temperature  variable  of  the  specimen  is  given  
by  a  thermocouple,  which  is  located just below the sample 
surface (see Fig. 3). 
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As a reference, the temperature profile  of a classic industrial 
austempering process was reproduced with the sample in the 
iXRD application. The process steps and parameters are as fol-
lows: 
The heating of the sample is carried out in vacuum with graphite 
radiant heaters. The heating rate is 3 K/s. The temperature is held 
constant upon reaching the austenitizing temperature. quench-
ing  is  carried  out  with  a  nitrogen  gas  stream  at  1000 mbar  
from  austenitizing  temperature  to transformation temperature. 
Starting with the quenching process step, data is sampled at a 
rate of 1/s over duration of 90s. The scanned 2-θ-sector is 31°-
79° with a covered step size of 0.026°. 
From the image plots, the phase fractions of ferrite and austen-
ite could be quantified by comparing the integral intensities of 
a body-centered cubic lattice structure (110) and face-centered 
cubic  lattice  structure  (111)  (direct  comparison  method).  
After  90  seconds,  image  plot  modus  is stopped  and  high-
resolution  Bragg-Brentano  scans  are  recorded  during  phase  
transformation. 
The scanned 2-θ-sector is 42.5°-80° with a covered step size 
of 0.013°. The measurement time is 372 s per scan. Rietveld 
refinement is done at the high-resolution scans and the phase 
fractions are determined.  In  contrast to the direct comparison 
method, cementite phase is taken into account during the Bragg-
Bretano scans.  
 
MECHANICAL TESTINg 
The load increase tests were carried out at university of Kaiser-
slautern with a servo-hydraulic testing machine (pSA 100 kn, 
Schenk). They were performed stress-controlled at ambient tem-
perature with a load ratio of 0.1 and a frequency of 20 Hz. The 
initial amplitude was chosen as 200 mpa and increased stepwise 
after every 9000 load cycles by 25 mpa. The mean values are 
reported as the average of five measurements. 
 
METALLOgRAPHY 
The  microstructures  of  the  specimens  were  examined  after  
the  heat  treatment  procedures  and metallographic prepa-
rations by scanning electron microscope (Zeiss Sigma vp Sem) 
at Robert Bosch gmbH. The specimens were etched with a 0.5 
%-nitric acid for 1 minute and a secondary emission detector 
was used.  
 
HEAT TREATMENT OF SAMPLES FOR MECHANICAL 
TESTINg  
The samples were heat-treated in a pilot facility at Robert Bosch 
gmbH. The system technology allows a good temperature con-
trol such that sample temperature does not fall below martensite 
start temperature (mS), formation of perlite or upper bainite is 
avoided and heat of phase transformation   is   removed.   Fig. 
4   shows   schematically   the   temperature   profile   of   the   
dry austempering quenching process.  A process flow according 
to the described conditions can be realized with the pilot facil-
ity as follows: The facility consists of a vacuum furnace  and an 
attached  quenching  cell  with  a  recycle  gas  circuit.  For  the  
quenching  process,  the  rack  is  transferred  automatically  
from  the  furnace  to  the  quenching  cell  and  quenched  to  
bainite  transformation  temperature  by  circulating  hot  gas  at  

a  high  speed  and  at  a  high  pressure  atmosphere through 
the rack (Fig. 5). After quenching, the rack is transferred to a high 
convection furnace where transformation on austempering tem-
perature  on one or two levels takes place.  Intensive convection 
is required to remove the heat resulting from phase transforma-
tion. Temperature control allows following the set temperature 
within +10 °C. 

 
 
 
Fig. 4 - Required   temperature   profile   of   a component for 

the austempering process  in  the  continuous  cooling  transfor-
mation (CCT) phase diagram. 

 

 

Fig. 5 - Time-temperature and time-pressure profile   of   dry   
austempering   heat treatment process. 

 

The samples are  placed  in a rack made of  carbon fiber-rein-
forced carbon with one sample per flow channel for uniform flow 
distribution (Fig. 6). 
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Fig. 6 - Charging of samples in dry austempering process. 

  
EXPERIMENTAL CONDITIONS 
Austenitizing  temperature  and  transformation  conditions  are  
varied  as  follows  in  Tab. 2.  The trials for the mechanical testing 
which are heat-treated in the described pilot facility are here-
inafter referred to as CHSq (controlled high speed quenching). 

process parameters are the same for iXRD and CHSq samples 
except the duration of the 2nd transformation level tT2 which is 
twice as long in CHSq as in iXRD measurements. For mechanical 
testing, every trial is done under the same quenching conditions 
(gas, pressure, velocity).  

Tab. 2 - experimental  conditions  for  iXRD  measurements  and  samples  for  mechanical  testing (CHSq). 
 

Experimental design of heat treatment Applied test procedure 

Trial   Austenitizing temperature    Type of transformation      In situ XRD        CHSq 

T 1 855 °C one-step austempering - X

T 2
860 °C 

one-step austempering - X

T 3 Two-step austempering - X

T 4
865 °C 

one-step austempering X X

T 5 Two-step austempering X -

T 6
880 °C 

one-step austempering X X

T 7 Two-step austempering X X
  
RESULTS AND DISCUSSION 
In situ XRD 
A typical phase fraction over time diagram for an iXRD sample 
is shown in Fig. 7 together with the corresponding temperature 
profile. The evaluation of the measurement by the direct com-
parison  method  shows  the  fast  lattice  shearing  of  a  certain  
austenite  fraction  (face-centered  cubic lattice structure, fcc) 

into body-centered cubic lattice structure (bcc). This is followed 
by a period of stagnation of the phase transformation, a phe-
nomenon observed in all experiments. This phenomenon is based 
on the low transformation temperature, whereby the diffusion 
rate of carbon is very low and a martensitic transformation of 
austenite at nearly full carbon supersaturation takes place.  
 

Fig. 7 - Temperature profile of the sample during quenching  (left diagram) and  corresponding phase fraction 
of face-centered cubic lattice structure (fcc) and body-centered cubic lattice structure (bcc) from the iXRD measurement

(right diagram) during fast scan measurements. 
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ninety seconds after the start of quenching, the measurement 
techniques are changed from the fast scans to high resolution 
Bragg-Brentano scans to obtain clearer intensity peaks and thus 
to take a more accurate statement about the phase fractions. 
There is a gap in phase fraction values  due to the different meas-

urement techniques. Table 3 shows the influence of the varied 
parameters on the phase transformation. The zero-time of the 
diagrams refers to ninety seconds after the beginning of the 
quenching. Table 3 shows the following effects of heat treatment 
parameters on the transformation. 

        
Tab. 3 - effects of the austenitizing temperature and the stepped transformation on the kinetics of phase transformation. 

 

The  increased  second  transformation  temperature  accelerates  
the  transformation  of  austenite abruptly: 
By increasing the temperature by 40 K, the diffusion of carbon 
in austenite is significantly increased. The carbon can thereby dif-
fuse out faster from the austenite and form  carbides. Thus, the 
carbon content in austenite is decreased and the lattice shears 
into the energetically favorable bcc lattice structure.  
It  remains  much  less  residual  austenite  in  the two-step  
austempering  process  as  in  a  one-step 
transformation: 
The  increased  temperature  accelerates  the  transformation  
considerably.  Thus,  a  structure  with fewer residual austenite 
is reached earlier, which is of considerable importance for the 
industrial application.  At a higher austenitizing temperature, the 
transformation runs significantly delayed: 

Due to the increasing solubility of carbon in austenite at a higher 
austenitizing temperature, carbon  enrichment  prevents  the  
lattice  shearing  at  the  quenching.  Larger  amounts  of  car-
bon  first need to diffuse away from the austenite. Therefore, the 
transformation of residual austenite takes place  much  later.  The  
fact  that  an  increased  TA  causes  the  transformation  from  
austenite  to bainite to be delayed can also be concluded from 
the temperature profiles during transformation. Fig. 8 shows the 
measurement of the exothermic transformation of the samples 
by a thermocouple in the convection furnace at the trials for the 
mechanical testing. Because convection is intense but not ideal, 
the heat released during phase transformation cannot be re-
moved immediately. Therefore, a temporary temperature increase 
can be observed which can be attributed to the phase changes. 
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Also  the  microstructure  shows  more  pronounced  carbide  
precipitations  at  higher  austenitizing temperature (Fig. 9). This 
is due to the higher amount of dissolved carbon which has to 

diffuse out of the lattice and has to form carbides to reach a fully 
bainitic transformation. 
 

Fig. 8 - measured temperature difference between sample temperature and furnace temperature 
in the high-convection furnace at one-step transformation process. 

 

Fig. 9 -  Bainitic microstructure of 100Cr6 as a function of austenitizing temperature. 

MECHANICAL TESTINg 
For the transfer to industrial application, the improved under-
standing of the phase transformation 
has  to  be  correlated  to  the  resulting  mechanical  properties.  
This  is  done  so  far  by  measuring 
hardness and load increase tests as a short time test procedure 
for classic Sn curves. The latter 
will be performed in subsequent studies.  
 
HARDNESS 
The hardness measurement confirms the interrelationships from 
the classical heat treatment between  the  process  parameters  
and  the  hardness  (Fig. 10).  A  higher  austenitizing  tem-
perature leads to a higher hardness due to increased carbide 
precipitation. A step with a second increased transformation 
temperature leads to a relaxation of the structure and thus to a 
decreasing hardness.  

Fig. 10 -  Hardness measurements on test specimens of 
mechanical testing (CHSq). 

 

As shown in Fig. 8, the time at which the phase transformation 
takes place increases and is stretched over a larger period of time 

if the TA  is augmented as observed in the iXRD measurements 
due to the larger amounts of carbon dissolved.  
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LOAD INCREASE TEST 
The achieved numbers of cycles to failure during the load increase 
tests show a systematic dependence of the heat treatment pa-
rameters (Fig. 11). The numbers of cycles to failure increase with  
increasing  austenitizing  temperature  for  the  one-step   as  
well  as  for  the  two-step austempering  treatment.  There  is  
nearly  a  linear  correlation  of  the  number  of  cycles  to  fail-
ure and the hardness independent of the one-step or two-step 
austempering. If an increased number of  cycles  to  failure  are  
interpreted  as  a  measure  of  the  fatigue  strength  of  a  certain  
state,  one could conclude that two-step transformation results 

in lower fatigue strength than one-step trans-formation.  experi-
ments  from  the  literature  and  the  experimental  experience  
at  Robert  Bosch gmbH showed the opposite in the past. Thus, 
the validity of the number of cycles to failure in load increase 
tests as a measure for fatigue strength has to be questioned at 
least for high strength material. In addition, the linear relation-
ship between the number of cycles to failure and the respective 
hardness is probably due to the fact that for high-strength states 
load increase tests only check the intrinsic fatigue strength. The 
classic fatigue failure mechanisms of high strength steels are not 
coming into effect.  

 
Fig. 11 -  Correlation  between  the  number  of  load  cycles  of  the  load  increase  test  

and  the  heat treatment parameters (left diagram) and linear regression with the hardness (right diagram).  
 

SUMMARY OUTLOOK
The dry austempering heat treatment process has a better proc-
ess control than salt bath quenching which results in a lower 
scattering per batch and thereby a higher quality of the heat 
treated components. Through high process control, the specific 
setting of desired microstructural states at a high homogeneity 
over the batch is guaranteed. The basis for the process design is 
the understanding of the transformation kinetics in dependence 
of the process parameters. In situ XRD measurements  enable  
the  monitoring  of  the  transformation  process  as  a  function  
of  heat  treatment parameters and thus a better understanding 
of phase transformation. The results show, that it  remains  much  
less  residual  austenite  in  the  two-step  austempering  process  
as  in  a  one-step transformation  due  to  the  acceleration  of  
transformation  process  at  higher  transformation  tempera-
tures. At a higher austenitizing temperature, the transformation 
runs significantly delayed.  
Furthermore, load increase tests have been tested as a short-
term method to characterize the heat treatment conditions with 
regard to fatigue properties. It has been shown that these meth-
ods are of  limited  suitability,  since  they  do  not  capture  the  
failure  mechanisms  but  merely  permits  a statement of intrinsic 
material properties and intrinsic failure and also presume a ho-
mogeneous microstructure. Therefore, load increase tests prob-

ably indicate only the static strength for high strength conditions 
which is to be proven in further investigations.  
Furthermore,  the  investigation  of  the  influence  of  remaining  
process  parameters  is  part  of  the further studies. In addition, 
tensile tests, S-n-tests, and cyclic force-controlled hardness in-
dentation tests are carried out. 
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