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The 54SiCr6 high-strength low-alloyed steel with medium carbon content is studied in this work. Its 
excellent mechanical properties allow a wide range of applications as springs and vibration dampers. The 
high strength is usually achieved during heat treatment consisting of quenching and tempering. This 
manuscript represents several methods to further increase in mechanical properties. Firstly, the influence 
of Accelerated Carbide Spheroidization and Refinement (ASR) on microstructure before quenching and 
tempering was studied and enhanced plastic properties were measured. Secondly, a thermomechanical 
treatment before quenching increased the strength. Finally, the use of strain assisted tempering caused 
a further strengthening effect compared to conventional tempering. All these methods improve 
mechanical properties, some increase strength and others ductility.   
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Introduction 

54SiCr6 (1.7102) is a low alloyed steel containing 
medium carbon content and alloyed with chromium 
and silicon. Good mechanical properties, such as high 
strength, fracture toughness, ductility and fatigue re-
sistance make this steel attractive for use as high-
stressed automotive suspension springs, bumper rings 
of railways wagons and other dumpers or structural 
parts. The required mechanical properties are usually 
achieved by quenching and tempering which provide 
near-fully martensitic microstructure. The following 
conditions of heat treatment are given for the 54SiCr6 
steel in ISO 8458-1 standard: quenching temperature 
in the range of 840 °C and 870 °C, quenching medium 
– oil and tempering temperature between 400 °C and
450 °C. These conditions result in yield strength (Rp0.2) 
of 1300 MPa at least, ultimate tensile strength (Rm) 
1450 – 1750 MPa, 6 % of elongation (A5) at least, re-
duction of area (Z) of 25 % and impact energy for 
20 °C of 8 J at least [1].  

Quenching of carbon steels provides a formation 
of a martensite structure in order to increase the yield 
strength. Thus, the as-quenched state appears to have 
a high yield strength but limited plastic properties. At 
the same time, the microstructure consists of 
martensite and retained austenite, and a dislocation 
density is very high [2–4]. Residual stress release and 
several microstructural transformations occur during 
tempering. In tempering stage „0“, carbon atoms seg-
regation and cluster formation occur on dislocations 
and lath boundary up to the temperature of 100 °C. 
The transition carbides (η-Fe2C and ε-Fe2.4C) 

precipitate during the tempering stage „1“ and a 
volume decreases (80 – 200 °C). On the contrary, the 
volume increases during the further tempering stage 
„2“ due to retained austenite decomposition into 
ferrite and cementite in the temperature range of 
200 – 300 °C. In the tempering stage „3“, segregated 
carbon and transition carbides transform to cementite 
between 250 °C and 480 °C and a volume of 
dilatometric specimen decreases in this stage. Temper-
ing at higher tempering temperatures causes spheroi-
dization and coarsening of cementite, recovery and re-
crystallization of ferrite [5–7]. The decomposition of 
austenite into ferrite and cementite can result in a 
sharp decrease in impact toughness due to of temper-
ing martensite embrittlement (TME) [8–12]. The 
above-mentioned temperature ranges for individual 
stages of tempering may vary depending on the chem-
ical composition. Previous studies [8, 13] reported the 
effect of silicon on the temperatures of microstruc-
tural changes during tempering. Silicon retards and de-
lays the formation of transition carbides, retained aus-
tenite decomposition and cementite formation and 
shifts the temperature range for TME to higher tem-
pering temperatures as well [8, 12, 13]. Furthermore, 
silicon significantly strengthens a ferrite/martensite 
matrix via solid solution strengthening. The degree of 
solid solution strengthening by silicon is about 
83 MPa per 1 wt.% of Si solute in a matrix [14, 15]. 

In this work, possibilities for further improvement 
of the mechanical properties of the 54SiCr6 steel were 
investigated in comparison with conventional heat 
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treatment. The refinement of carbides using 
Accelerated Carbide Spheroidization and Refinement 
(ASR) before hardening was examined. ASR 
processing provides a very fine microstructure before 
quenching and tempering. Thermomechanical 
treatment (TMT) of steel before quenching was also 
examined. This treatment utilizes plastic deformation 
of austenite before quenching resulting in a fine 
microstructure with high strength. A further approach 
called strain-assisted tempering (SAT) aimed to 
improve mechanical properties during tempering. 
SAT treatments consist of first tempering, cooling, 
deformation, second tempering and final cooling.       

Experimental 

Materials and heat treatment 

Investigated steel was melted in a vacuum 
induction furnace and casted into a 45 kg ingot. The 
chemical composition of steels was determined using 
Q4 Tasman optical emission spectrometer. The 
chemical composition of Steel 1 corresponds to the 
54SiCr6 steel (1.7102) according to the standard ISO 
8458-1:2002. The chemical composition of the studied 
steel is given in Tab. 1. The ingots were heated up 
above 1050 °C, forged to blocks, hot-rolled to 14 mm 
thick plates and air-cooled. Normalisation annealing 
was performed at 850 °C for 40 min. 

Tab. 1 Chemical compositions of experimental materials in wt. % 
Material C Si Cu Mn Cr Fe 

Steel 1 0.57 1.51 0.12 0.68 0.75 Bal. 
54SiCr6 0.51-0.59 1.2-1.6 - 0.5-0.8 0.5-0.8 96.2-97.3 

Influence of initial microstructure 

To determine the effect of the initial microstruc-
ture, the as-normalized and ASR-processed micro-
structure of the Steel 1 were chosen. The normalisa-
tion annealing was carried out at 850 °C for 40 min 
with subsequent air-cooling. The ASR process in-
cludes thermal cycling around the temperature of A1, 
overheating above A1 and undercooling below A1. In 
this treatment, three thermal cycles were applied. The 
first and second thermal cycles are the same – induc-
tion heating to 820 °C with the heating rate of 
19 °C/s, the soak at 820 °C for 15 s, free cooling to 
725 °C and the soak at this temperature for 300 s. In 
the last round of ASR, the soak at 725 °C is extended 
to 600 s followed by air cooling. In this state is possi-
ble to compare the influence of as-normalized and 
ASR-processed microstructure on the mechanical 
properties of steel after quenching from 890 °C 
(20 min) and tempering at 400 °C for 2 h. 

Influence of thermomechanical processing 

The effect of austenite deformation before 
quenching on the resultant mechanical properties of 
hardened Steel 1 was studied. The initial microstruc-
ture after normalization was chosen. Conventional 
quenching and tempering (QT) consisted of austeniti-
zation at 900 °C for 20 min, followed by oil quenching 
and tempering at 250 °C for 2 h was applied. Condi-
tions of thermomechanical processing (TMP) were 
the following – austenitization at 900 °C for 30 min, 
then follows deformation and oil quenching. No delay 
included between deformation and quenching – only 
necessary handling time. The same tempering at 
250 °C for 2 hours was performed after quenching. 
The deformation was proposed by close-die forging. 
The close-die tool was a split hole 12 mm in diameter. 
The initial rods were 10 x 16 x 250 mm in dimensions. 

A numerical simulation predicted that the defor-
mation was done at the temperature of approx. 830 
°C.  

Influence SAT processing 

  To compare the properties of conventional 
tempered material and quenched with the following 
SAT, Steel 1 was austenitized at 900 °C for 20 min, 
followed by oil quenching. The tempering was carried 
at 300 °C for 2 h. The SAT treatment included first 
tempering at 250 °C for 2 h, rotary swagging with a 
reduction in diameter of about 17%, followed by a 
second tempering at 300 °C for 2 h and air cooling. 

Microstructure and mechanical properties 
characterization 

Specimens for microstructural investigation were 
prepared on cut parallel to the longitudinal direction. 
They were polished using an automatic, microproces-
sor-controlled machine for grinding and polishing 
with a final step of polishing performed using OP-S 
Non-Dry colloidal silica suspension with a particle size 
of 0.05 µm. The microstructure was revealed by etch-
ing in Nital reagent (98 mL of ethanol + 2 mL nitric 
acid) and observed in the scanning electron micro-
scope JEOl IT 500 HR. X-ray diffraction (XRD) anal-
ysis was performed on polished surfaces of samples 
on a Bruker Advance D8 diffractometer with a cooper 
anode  
(λ Kα1 = 0.15406 nm). The content of retained aus-
tenite (RA) was determined in the 2θ range from 30° 
to 105° with a step size of 0.025°. The electron 
backscattered diffraction (EBSD) analyses were per-
formed on the polished surface under the following 
conditions: 20 kV, on the area of 40 x 40 µm and step 
size of 0.05 µm, tilted for 70°. EBSD analyses were 
focused on the determinatiom of grain size and miso-
rientation angle distribution. 
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Mechanical properties were characterized by 
hardness and tensile tests at ambient temperature. 
Round tensile samples of 50 mm in gauge length and 
8 mm in diameter were tested at a rate of 0.75 
mm/min on a Zwick Z250 testing machine 
(ZwickRoell GmbH & Co. KG, Ulm, Germany) with 
a 250 kN capacity according to ČSN EN ISO 6892-1. 
Tensile characteristics were evaluated (e.g., ultimate 
tensile strength—Rm; yield strength—Rp0.2; Young 
modulus—E; uniform plastic elongation - Ag; total 
plastic elongation after a fracture - A5; and reduction 
in area - Z). 

Results and discussion 

Influence of initial microstructure 

Fig. 1 Initial microstructures - as normalized microstructure 
with lamellar pearlite in ferrite (a) and predominantly globular 

carbides in SAT-treated sample 

The microstructure of the as-normalized sample 
consisted of pearlite (lamellar cementite in ferrite). 
While the microstructure after ASR treatment was cre-
ated by a ferrite matrix and globular particles of ce-
mentite with a diameter up to 0.5 µm. Both micro-
structures were compared in Fig. 1. Hardness of the 
as-normalised sample was determined 290 HV10 
compared to the hardness of 224 HV10 after ASR. 

ASR treatment was developed as a replacement for 
conventional soft annealing which takes several hours 
of duration, while the processing time of ASR is sev-
eral minutes. The size and shape of carbides influence 
the austenitization process – finer carbides are disso-
luted faster – and also mechanical properties are better 
for the steel with finer microstructure. The effect of 
ASR on properties was investigated in various steels in 
previous works [16–18]. 

After quenching from 870 °C (20 min) and tem-
pering at 400 °C (120 min), the microstructures 
seemed to be similar composed of tempered marten-
site, transition carbides (η-Fe2C and ε-Fe2.4C) and ce-
mentite (Fig. 2). No significant difference in micro-
structures was observed. Results of the tensile test of 
both samples in quenched and tempered state are 
summarized in Tab. 2. Values of elongation, tensile 
strength and yield strength were slightly higher in the 
ASR sample. The highest difference was found in the 
increase in reduction of area from 16% to 22% after 
the treatment including ASR. 

Fig. 2 Microstructures after tempering at 400 °C - a) as-
normalized initial microstructure and b) initial micorstructure 

after ASR

Tab. 2 Tensile test results of as-normalized and ASR samples after tempering at 400 °C 

Sample 
Rp0,02 Rm A Z 

(MPa) (MPa) (%) (%) 
QT 1667 ± 15 1867 ± 7 9 ± 1 16 ± 1 

ASR+QT 1694 ± 20 1875 ± 15 10 ± 1 22 ± 1 
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 Influence of thermomechanical treatment 

Microstrutures of conventionally quenched and 
tempered and thermomechanical treated and 
tempered samples were found to be similar in SEM 
observation. Usual martensitic microstructures were 
observed composed of lath, blocks and packets, some 
retained austenite islands and transition carbides 
within martensite (Fig. 3). Defomed grains or non-
recrystallized microstructure were not observed, 
because the thermomechanical treatment was 
conducted above the temperature of 800 °C [19].  

TMT provided an improvement in the mechanical 
properties of the samples compared to quenching and 
tempering. Mainly, the increase in yield strength 
(about 130 MPa) and reduction of area (about 20%) 
were found. The results of tensile tests are listed in 
Tab. 3. In previous studies [19, 20], devoted to the 
effect of thermomechanical treatment on mechanical 
properties, the following results were obtained. A 
deformation prior quenching improved significantly 
both strength and ductility. More detailed 
microstructure observation was carried out and 

influence on martensitic packets, blocks and laths was 
also described. Furthermore, the prior austenite grain 
boundaries (PAGB) were occupied with fine and 
spherical carbides in TMT samples compared to a thin 
carbide film in conventionally quenched and tempered 
samples. 

 
Fig. 3 Microstructure of the TMT sample tempered at 

250 °C 

Tab. 3 Tensile test results of conventially QT and TMT processed samples tempered at 250 °C 

Sample 
Rp0,02 Rm A Z 

(MPa) (MPa) (%) (%) 
QT 1893 ± 12 2278 ± 19 6 ± 2 25 ± 3 

TMT 2024 ± 18 2277 ± 14 9 ± 1 45 ± 2 

 Influence of SAT processing 

SAT processing was applied after hardening and 
influenced the final properties and microstructure 
distinct from the previous ASR treatment. The 
microstructures (Fig. 4) of conventional QT 
(tempering temperature of 300 °C) and SAT (first 

tempering temperature of 250 °C and second one of 
300 °C) samples consisted of tempered lath martensite 
with transition carbides (ε- or η-carbides) and some 
content of retained austenite (RA). The RA contents 
of 5 vol.% in the SAT sample and 10 vol.% in the QT 
sample were determined using the Rietveld method. 

 

Fig. 4 SEM-microstructure of QT (a) and SAT (b) samples with marked transition carbides (TC) inside martensite laths and 
retained austenite (RA) 

Furter differences in microstructures were found 
using EBSD analysis. The microstructure of the SAT-
ed samples looked finer in the EBSD orientation maps 
(Fig. 5). The effective grain size represented by diam-
eter reached values of 0.30 µm for the SAT sample 

and 0.35 µm for the QT sample. However, only grain 
boundaries with misorientations above 15° were in-
cluded in grain size estimation as in previous work 
[14]. While both samples varied significantly in the 
amount of the low-angle grain boundaries (LAGB)  
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with misorientation between 5° - 15°. A typical 
misorientation angle distribution with a peak below 
10° and in the range of 54° - 60° was found for both 
samples, see the misorientation angle distribution in 
Fig. 4. The misorientation angles below 10° 
correspond to lath boundaries and the misorientation 
angles between 54–60°are characteristic of certain 
orientation relationships between austenite and 
martensite, such as Nishiyama–Wassermann and 
Kurdjumov–Sachs [14, 21]. The SAT sample 
contained a much higher amount of grain boundaries 
with misorientation below 10° than the QT sample, 
probably as a result of deformation between the first 
and second tempering. EBSD maps of both QT and 
SAT samples were collected and evaluated under the 

same conditions and the total length of LAGB and 
HAGB provided an estimation of the number of 
individual types of grain boundaries. The total lengths 
of HAGB were 7.3 mm in the QT and 7.9 mm in the 
SAT sample, while the total length of LAGB in QT 
was significantly lower in the QT sample (0.9 mm) 
than in the SAT sample (2.5 mm). It seems that LAGB 
also contributed to higher mechanical properties of 
the SAT sample similar to in [22], where, moreover, 
the increase in mechanical properties was not 
attributed to higher dislocation density according to 
XRD results but only to grain boundary 
strengthening, including small-angle boundaries. 
Other studies also reported that also LABG 
influenced mechanical properties [23, 24].

Fig. 4 The EBSD maps of QT (a) and SAT (b) samples are colored based on orientation, with high angle boundaries 
(misorientation angle >15°) represented by black lines and low angle boundaries (misorientation angle >5° and <15°) are depicted 

as red lines. The misorienation angle distributions are shown in c) 

Representative of tensile test for SAT and QT 
samples are shown in Tab. 4. The yield and tensile 
strength reached values of 2709 MPa and 2717 MPa 
in the SAT sample and at the same time were higher 
in the SAT sample than in the QT sample about 
approx. 800 MPa and 500 MPa respectively. On the 
other side, the elongation and reduction of area were 
nearly two times higher in the QT sample (A = 8 %, 
Z = 34 %) than in the SAT sample (A = 5 %, 
Z = 20 %). The hardness of 682 ± 4 HV10 was 

determined for the SAT treatment compared to 
645 ± 2 HV10 in QT steel. Full Width at Half 
Maximum (FWHM) values are related to the 
concentration of crystal defects. FWHM results (Tab. 
5) of the (110)α and (200)α showed an increase in the
concentration of crystal defects in the sample after 
SAT. Higher values of hardness and strength in the 
SAT sample are in good agreement with the results of 
RA content, effective grain size and FWHM. 

Tab. 4 Tensile test results of conventially QT and SAT processed samples tempered at 300 °C 

Sample 
Rp0,02 Rm A Z 

(MPa) (MPa) (%) (%) 
QT 1915 ± 15 2240 ± 9 8 ± 1 34 ± 4 

SAT 2709 ± 8 2717 ± 7 4 ± 1 20 ± 1 

Tab. 5 Full-width at half-maximum (FWHM) of XRD peaks of (110) and (200) 

Sample 
(110)α (200)α 
(mrad) (mrad) 

QT 8.6 17.3 
SAT 9.2 18.3 
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Fig. 5 Tensile engineering stress - strain digrams for QT and 

SAT samples tempered at 300 °C 

 Conclusions 

This study is focused on the improvement of me-
chanical properties of medium carbon spring steel 
54SiCr6. Three technological steps were investigated. 

Firstly, the influence of initial microstructure was 
studied and the beneficial effect of fine microstructure 
and carbide particles on mechanical properties after 
quenching and tempering was found. Mainly, the in-
crease in the reduction of area was significant. The 
ASR treatment is characterized by a significant reduc-
tion in heat treatment time compared to traditional 
soft annealing and ensures the formation of a ferrite 
matrix and globular particles of cementite with a di-
ameter of up to 0.5 µm. 

Secondly, the influence of thermomechanical treat-
ment was determined. The deformation before 
quenching refine the martensitic structure and the car-
bide thin film along PAGB was fragmented into fine 
and spherical carbides. The changes in microstructure 
caused an increase in both strength and ductility. Oth-
erwise, a thin film of cementite may form along 
PAGBs and martensitic needles during tempering, 
causing a decrease in toughness referred to as tem-
pered martensite embrittlement. 

Finally, the modified tempering process called SAT 
was studied. The SAT treatment caused a decrease in 
effective grain size and retained austenite content. At 
the same time, the crystal defects concentration in-
creased. These changes in microstructure led to an in-
crease in hardness, tensile (increase of 800 MPa) and 
yield strength (increase of 500 MPa), but plastic such 
as elongation and reduction of area decreased. The in-
crease in strength was attributed to grain boundary 
and dislocation strengthening mechanisms. The com-
bination of these various treatments can provide steel 
with superior mechanical properties.    
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