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Innovative technological processes can help us to obtain
unconventional structures with specific mechanical properties, 
even from conventional materials. Forming metal alloys in the 

semi-solid state is one of many ways. With thixoforming the tool 
steel X210Cr12 was treated with rapid solidification from the liquid 

phase. The microstructure after processing in the semi-solid state
is 96% globular austenite formations surrounded by a carbide network.
The aim of the experiment was to test the new technological process

 and to describe the obtained microstructure and its stability. 
The stability of the microstructure was tested under various 

thermal constraints and mechanical loading. The hardness 
of the austenite component after thixoforming was 

about 320 HV 0.05; hardness of the carbide 
network was about 550 HV 0.05.
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1. Introduction
 Utilization of the thixo-properties of materials has spread into 
many areas of human activities and many different fields. The appli-
cations using the thixostate are commonly used in the building industry, 
in painting materials, foundry moulding materials, chemistry, the food 
industry, etc. 

The first published experiments with the utilization of thixo-
-properties of metals were carried out in 1972. These experiments 
were done with tin-lead alloys at a temperature interval between 
solidus and liquidus, thus in a semi-solid state. These properties 
almost immediately became the centre of attention of many re-
search groups, which investigated the hidden potential of this 
method. Thixoforming combines the advantages of casting and 
forming thus enabling the production of components with very 
complicated-shaped designs [Püttgen 2007], [Bührig_Polaczek 
2007] (Fig. 1). 

The fundamentals of the process is forming of the semi-product 
which is, after heating to processing temperature, partially in a solid 
and partially in a liquid state. Heating temperatures of the semi-
-product are usually higher than for common processing methods of 
the same material. This is the reason why the first experiments were 
aimed at materials with lower solidification temperatures. They were 
particularly aluminium or zinc alloys. Later it was possible to direct 

the research in the field of materials with higher solidification tem-
peratures [Dziallach 2008]. Among these materials were different 
alloys of copper, nickel and cobalt. Still later, at the turn of eighties 
and nineties, the first steel semi-products were prepared by thixofor-
ming. The first steels used were predominantly high alloyed steels, such 
as X105CrMo17, X5CrNi18–10 (Fig. 2). These steels were used main-
ly because their processing temperature for semi-solid forming is the 
lowest possible one for steels. The temperature interval between 
liquidus and solidus is relatively wide and their microstructure is sui-
table for plastic material flow with low resistance. Later experiments 
used also other kinds of steel, for example C60, C80, 100Cr6, etc. 
The research has intensively tried to obtain information about semi-
-solid state parameters and also about the optimal chemical compo-
sition of the material used [Püttgen 2007]. The aim was particularly 
to obtain a globular microstructure (Fig. 2) 

Since the first research concerning the forming of steels in a semi-
-solid state, which were published at the beginning of 1980s, a lot of 
interesting results have been published. However, it is very important 
to master all the technological parameters of the process and con-
trol them with relatively small tolerances before the application of 
this process to routine industrial production is possible. The choice 
of materials and design of the tools is just as important as the tech-
nological parameters, as they have to endure extreme conditions, 
in particular, high temperature shock loading, high contact tempe-
rature and abrasion. These are the main technical reasons why this 
technology has not yet been employed on a large scale in mass-
-production. The forming process in a semi-solid state is, however, 
so interesting from the point of view of the shape variations of the 
product or resulting microstructures, that many innovative variations 
of this unconventional technology can be expected in the future. 

Figure 1. An example of a product made by thixoforming from 49MnVS3 steel
[Hirt 2009]

Figure 2. Application area of different technological processes in phase diagram 
of X210CrW12 steel with examples of typical structures

thixoforming structure casting structure



2. Mini-thixoforming
A new, as yet unpublished, method for manufacturing small compo-
nents in the semi-solid state is ‘mini-thixoforming’ (Fig. 3, Fig. 4). This 
procedure was developed at the Research Centre of Forming Tech-
nology at the University of West Bohemia. Mini-thixoforming differs 
from conventional thixoforming in that it is necessary to develop new 
approaches for managing the temperature fields in the small volu-
me of the material. This means a range of volumes up to one cu-
bic centimetre. Minimum temperature deviations must be ensured 
throughout the heating process to obtain even distribution of tem-
perature throughout the entire volume of the semi-product. Another 
advantage of mini-thixoforming is the very rapid solidification from 
the semi-liquid state after deformation. This means that unconventional 
structures can be obtained even with commonly used industrial ma-
terials, which have an interesting combination of not only mechanical 
but physical properties. These are multi-phase structures which are 
a result of, among other things, uneven distribution of chemical ele-
ments in the liquid and solid phases. The liquid phase is enriched by 
alloying elements during the thixoforming process which is together 
with high carbon content very important for following phase trans-
formations. The solid phase usually consists of polyhedral austenitic 
grains with a lower content of the alloying element [Dziallach 2008]. 

For further development of the process it is important to precisely 
understand the principles, describe the origins of the structure and 
describe the individual structural components and their properties. 
It can be expected that the spectrum of materials used will be broa-
dened to include non-conventional alloys with totally exotic structures.

3. Steel X210Cr12 minithixoforming
As an experimental material, the X210Cr12 steel was chosen (Tab. 1). It is 
the steel of ledeburite type with a high content of chromium dedi-
cated for tools used in cold forming. This steel is characterised by 
its difficult formability and machinability by conventional techno-
logies. The microstructure consists of a ferrite matrix with globular 
cementite and primary carbide chrome in annealed state. The initial 
microstructure was formed of a ferritic matrix with globular cemen-
tite and primary chrome carbides (Fig. 3). The Martens hardness 
was determined to be 10182 N/mm2 which corresponds to 1560 
Vickers hardness. Small semi-products with thin walls were made 
using of thixoforming. The thin of walls were c. 1 mm (Fig. 4). 

A suitable forming temperature was determined to be 1290°C. The 
40% content of the liquidus phase at this temperature was calculated 
in JMatProg (Fig. 5). 

3.1  Evaluation of microstructure
Metallographic analysis revealed that the structure after thixofor-
ming consisted of polyhedral grains of austenite surrounded by fine 
carbide mesh. The microstructure could be obtained as a conse-
quence of high pressure and rapid solidification during the forming 
process. By repeated X-ray diffraction phase analyses, the fraction of 
austenite in the structure was found to be 96 %. 

The fraction of ferrite and carbides reached 4 %. The development 
of microstructure with such a high fraction of austenite resulted not 
only from the chemical composition but also from the high heating 
temperature, rapid solidification, rapid cooling and structure deve-
lopment under high applied pressure.

The structure of the obtained semi-product was homogenous. 
Only near the contact surface with the die, a thin layer formed by 
fine dendrites was developed due to the melt segregation and rapid 
solidification.

3. 2 Stability of austenite
For evaluation of the stability of metastable austenite, experimental 
samples were subjected to thermal and mechanical loading (Tab. 2).

The initial assumption of austenite decomposition at the tempe-
rature of 200 °C was not confirmed. After a one hour hold at this 
temperature, no structural changes were identified by metallogra-
phy. X-ray diffraction analysis affirmed the retention of the initial 
content of metastable austenite. A slight increase in hardness can be 
assigned to the precipitation of secondary carbides in the network 
surrounding the austenite.

The increase of tempering temperature to 350 °C with the holding 
time of one hour did not cause any visible changes of microstructure 
and the percentage of metastable austenite remained approximately 
the same (Fig. 6). Only the growth of hardness value to 461 HV10 
was recorded which means a more than 20 % increase in compari-
son with the hardness after tempering at 200 °C. As well as in this 
case, the increase in hardness can be linked to the precipitation of 
secondary carbides. 

The first visible changes of microstructure were observable at 
a temperature of 500 °C (Fig. 7). The growth of fine troostite occu-
rred at grain boundaries. As the amount of troostite is small, the por-
tion of metastable austenite remains almost 90 %. The hardness was 
not markedly changed in comparison with its value after exposure at 
the previous temperature. 

The decomposition of metastable austenite in the structure was 
confirmed by the results of X-ray analysis according to which only 
5% of austenite was determined. The austenite decomposition was 

C Cr Mn Si Ni P S

1.8 11 0.2 0.2 0.5 0.03 0.035

Figure 4. An example of a demonstrator

Figure 5. Fraction of liquid phase in relation to heating temperature

Figure 3. Microstructure of the X210Cr12 steel in the initial state

Tab. 1. Chemical composition of the X210Cr12 steel [wt. %]
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probably caused by the changes of carbon content. During the 
thermal exposure, carbon diffused to the grain boundaries and 
contributed to troostite development.

To test austenite stability at cryogenic temperatures, liquid nitrogen 
was used as a cooling medium. Metallographic observations after 
this treatment revealed martensitic needles in the austenitic grains 
(Fig. 8). Despite the cryogenic conditions of the heat treatment, the 
temperature did not decrease significantly below the Ms tempera-
ture due to the high carbon content. Consequently, almost 90 % of 
metastable austenite remained in the structure. At cryogenic tem-
peratures, the precipitation of secondary carbides in the network 

Material treatment
Percentage of

metastable austenite
[%]

Hardness 
HV 10

annealed state – 203

After thixoforming 96 332

350°C/1h 96 461

500°C/1h 5 757

–196°C/1h 89 366

Cold deformation 85 421

Figure 8. Martensitic needles after treatment for 1 hour in liquid nitrogen

Figure 7. Formation of fine troostite layer at the expense of globular formations 
at exposure temperature of 500°C

Figure 6. The detail of carbide-austenite mesh, 350°C/1 hour

Tab. 2. Strategies of heat treatment with the final fraction of single phases

did not occur. This fact along with a high content of metastable 
austenite can explain relatively low final hardness. The stability of 
metastable austenite against plastic deformation was investigated at 
the room temperature. The deformation near the ultimate strength 
of material was applied. No changes in microstructure were 
noticeable using metallographic observations. The decrease in the 
percentage of metastable austenite to 85 % was detected by X-ray 
diffraction analysis. It can be supposed that the drop in metastable 
austenite fraction was caused by deformation induced martensitic 
transformation. The phase transformation and deformation hardening 
represent probably the reasons for the hardness increase to 421 
HV10. This value is 89 HV10 higher in comparison with material 
hardness in the initial state after thixotropic processing.

4. Conclusions
This experiment proved that very small parts with different final shapes 
can be produced from conventional X210Cr12 steel by the semi-solid 
forming process. 

Thixoforming was performed in a titanium die cavity. The shapes 
of the demonstrator were varied. Very fine but otherwise typical 
thixoforming microstructures were obtained as a result of the com-
bination of rapid solidification, deformation and a suitable chemical 
composition of steel. The microstructure was composed of poly-
hedral metastable austenitic grains surrounded by a ledeburite net- 
work. Austenite fraction was over 95 % and the hardness reached 
332 HV10. 

Thermal stability tests showed a high stability of austenite up to 
a temperature of 500 °C. During heating at temperatures above 
500 °C and subsequent cooling to room temperature, metastable 
austenite decomposed and a special structure occurred which 
possessed high hardness of 757 HV10 in contrast to the initial state 
after thixoforming with a hardness of 332 HV10. 

Martensite transformation temperature was reached during expo-
sitions in the range of cryogenic temperatures and therefore martensite 
needles appeared in the austenite.

Acknowledgements
This paper includes results obtained within the project 1M06032 
Research Centre of Forming Technology.

References
[Bührig Polaczek 2007] Bührig-Polaczek, A., et al. Thixoforming 
von Stahl – ein Überblick. In: G. Hirt, ed. Proceedings of the 
22. Aachener Stahlkolloquium Aachen 8.-9.3. 2007. Mainz: Ver-
lagshaus Mainz GmbH, 89.-99, ISBN 3-86130-924-6 
[Dziallach 2008] Dziallach, S., Püttgen, W. and Bleck, W. Devel-
opment of Adapted Heat Treatments for Steel out of the Semi-solid 
State after Thixoforming. Solid State Phenomena. July 2008, 
Vol. 141 –143, 695-700, ISSN 1662-9779
[Hirt 2009] Hirt, G. and Knopp, R. Thixoforming semi-solid me-
tal processing. Weinheim: Wiley-VCH, 2009. ISBN 978–3-527–
32204-6
[Pütten 2007] Pütten, W., et al. Thixoforming of Steels – A Status 
Report. Advanced Engineering Materials. April 2007, Vol. 9, No. 4, 
231–245, ISSN 1438–1656

Contact:
David Aisman
University of West Bohemia in Pilsen
Research Centre of Forming Technology
Univerzitni 22, 306 14 Pilsen, Czech Republic
tel.: +420 377 63 8050
e-mail: d.aisman@seznam.cz



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>






    /HEB <>
    /CZE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [651.969 907.087]
>> setpagedevice


