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a b s t r a c t

The microstructure investigation and flow behavior during thixoforging of M2 steel parts were inves-
tigated. Partial remelting was performed at processing temperatures ranging from 1290 ◦C to 1340 ◦C
corresponding to a liquid fraction range between 10% and 30% (according to differential scanning
calorimetry measurements and quantitative image analyses). A conventional microstructure for thixo-
forming process was obtained: spherical solid grains surrounded by liquid phase. The microstructure
across the heated billets was relatively homogeneous with bigger grain size near the surface. Success-
ful thixoextrusion for producing parts was finally achieved at processing temperatures. By investigating
the microstructure and load-displacement curves, different mechanisms in various forming stages were
proposed.

1. Introduction

Thixoextrusion is a semi-solid forming process in which some
metal parts are extruded in the semi-solid state taking advantage
of the thixotropic properties of metals (Kirkwood et al., 1992).
Prior to extrusion, the microstructure in the semi-solid state should
present spheroids of solid surrounded by liquid in order to obtain
the best thixotropic behavior in which viscosity decreases with
increasing shear rate and increasing time at constant shear rate.
The feedstock with the appropriate microstructures necessary for
thixoforming can be obtained by several routes based either on liq-
uid state (Legoretta et al., 2008) or on solid state (Kapranos et al.,
1993). Originally, a semi-solid slurry with a globular microstruc-
ture was prepared by mechanical stirring during cooling a fully
liquid alloy to the semi-solid state. Other more suitable routes for
semi-solid alloy feedstock have been developed, including cool-
ing slope (Haga and Suzuki, 2001), electromagnetic stirring (MHD)
(Kenney et al., 1988), new rheocasting route (NRC) (Mitsure et al.,
1996), shearing cooling rolling (SCR) (Kiuchi and Sugiyama, 1995),
passive stirring (Moschini, 1992) etc. Spray forming has been
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studied for producing the materials (e.g. Al–Si (Hogg et al., 2004)
and M2 (Dutkiewicz et al., 2010)) subjected to the semi-solid form-
ing process. The materials present good globular microstructure.
In addition, this method enables to eliminate band segregation of
microstructure as compared to those produced by rolling or extrud-
ing routes. There are mainly two established solid state routes: the
RAP (Recrystallization And Partial melting) (Kirkwood et al., 1992)
and SIMA (Strain-Induced Melt Activation) (Yong et al., 1982). In
both routes, the material is worked and recrystallization occurs
during heating to the semi-solid state. The spherical solid grains
surrounded by liquid can be obtained by liquid penetration on the
recrystallized boundaries. The RAP route involves some cold or
hot working below the recrystallization temperature, while SIMA
involves hot working between the recrystallization and solidus
temperatures. Various researchers have demonstrated that some
metals can be subjected to a direct partial melting route from
their as-received state (without any special treatment) in order to
obtain a thixoformable microstructure (e.g. 7075 aluminum alloys
(Chayong et al., 2005), 100Cr6 (Bulte and Bleck, 2004), M2 (Omar
et al., 2009) and HP9/4/30 (Omar et al., 2005)).

Up to now, this technology has been industrialized in low
melting alloys, such as aluminum and magnesium-based alloys
(Kirkwood et al., 2010), while some obstacles (e.g. tool materials
(Rassili et al., 2004), temperature controlling (Becker et al., 2010a))
need to be overcome for the application of this technique to high
melting alloys such as steels. Therefore, this technique has been
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Fig. 1. Schematic view of thixoextrusion layout.

studied by many researchers as a potential manufacturing process
for industrial components (Bigot et al., 2013). In addition, inter-
est in the industrial application of steel thixoforming is on the rise
for various reasons: the low forming load during thixoforming as
compared to that in classical forging processes (Cezard et al., 2007),
some complex parts can be produced with fewer forming steps
(Bigot et al., 2013), prolonged die life due to less thermal shock,
good mechanical properties with less porosity as compared to the
casting process.

A material with a relatively low solidus temperature, large semi-
solid area (range between liquidus temperature TL and solidus
temperature TS) and low temperature sensitivity is always prefer-
able for steel thixoforging. Various researchers have investigated
the thixoformability of several grades by different approaches.
The results show that X210CrW12, 100Cr6, C38LTT, M2 in par-
ticular are suitable. Gu et al. (Gu et al., 2014) performed in situ
high energy X-ray microtomography and high temperature Con-
focal Laser Scanning Microscope (CLSM) experiments on different
steel grades to study the microstructure evolution during heating
to the semi-solid state from solid state for thixoforging process.
It was found that, for M2, the liquid rich in alloying elements
(Cr, Mo, W) appeared mainly along the grain boundaries during
heating to the semi-solid state. An interconnected liquid network
surrounding the globular solid grains was formed with increasing
temperature. After cooling, the liquid phase transformed to new
carbides with exactly the same size, location and chemical compo-
sition. This was very interesting because it meant that there was
hardly any diffusion of alloying elements during cooling at a rela-
tive small cooling rate (∼200 ◦C/min); it was possible to evaluate
the volume fraction of liquid by considering the volume fraction
of carbides after quenching M2 from the semi-solid state. That’s
why, M2 was chosen in this work. The present study investigates
thixoextrusion of M2 high-speed tool steel grade at a liquid frac-
tion between 10% and 30% using a mechanical press. The aim of this
investigation is to show and discuss some results of thixoextrusion
including microstructure, load and material flow. The development
of microstructure from as-annealed conditions to semi-solid state
via partial remelting is presented. Moreover, load-displacement
curves as well as the material flow are discussed in relation to the
microstructure.

2. Experimental procedures

2.1. Thixoextrusion procedure

Fig. 1 gives a schematic view of thixoextrusion experiments. All
the billets were heated to the semi-solid state using an induction
heating system and then transferred to a mechanical press. After
thixoextrusion, they were quenched for microstructure investiga-
tion. During the experiments, an acquisition system was used to
record both the temperature and the forming load.

The thixoextrusion experiments were carried out using the
mechanical press PRESSIX located at the Arts et Métiers ParisTech
Metz center to extrude a cup-shape part as shown in Fig. 2(a).
This press can provide a maximum load of 500 kN with a max-
imum forming speed of 485 mm/s. Fig. 2(b) shows the principle
of the extrusion set-up. The thixoextrusion die was axisymmet-
ric. The set-up was clamped at the bottom of the press. The dies
were made of tool steel X38CrMoV5. Considering the die geometry
and the manufacturing cost, the induction coil was not assembled
in the die for heating the billet to the desired process temperature.
Before transporting the billet during each thixoextrusion test, a tool
protector coating (Acheson Pluviograph D31A) was sprayed on the
tool surface to protect it against wear and chemical attack on the
die material. In this study, extrusion was carried out immediately
when the billet reached the desired temperature between 1290 ◦C
and 1340 ◦C. Several parameters (temperature, displacement of die,
forming load) were measured and controlled during extrusion; the
die temperature also varied between 20 ◦C and 350 ◦C. In order
to obtain these measurements, an 8-channel acquisition system
PCI6024E National Instruments was used (±0.3% error at full scale).
The collected data could be easily transferred into Excel for data
analysis.

2.2. Material

The material used for thixoextrusion was a commercially pro-
duced M2 high-speed tool steel which had been hot rolled at a
temperature ∼1100 ◦C, tempered at ∼700 ◦C for 4 h and subse-
quently triple annealed at ∼540 ◦C for 1 h before furnace cooling to

Fig. 2. Illustration of (a) the geometry of the part and (b) the extrusion set up. (1) Load sensor, (2) upper die, (3) lower die and (4) displacement sensor.



Table 1
Chemical composition of M2 steel.

M2 Chemical composition (wt%).

C Si Mn S P Ni Cr Mo Cu V W Fe

Nominal 0.85 0.035 0.25 ≤0.04 ≤0.04 0.2 4.1 5.0 0.1 1.9 6.4 Balance

room temperature by the manufacturer ThyssenKrupp. Its chemical
composition is given in Table 1.

2.3. Differential Scanning Calorimetry (DSC)

DSC analyses were performed to estimate the liquid fraction
as a function of temperature. Some samples 3 mm in diameter
and 1.5 mm long were machined from several billets in var-
ious positions in order to minimize the possibility of getting
non-representative results due to possible variations of local com-
position due to the segregation in longitudinal direction. The
experiments were performed using a NETZSCH 404 C Pegasus® at
a heating rate of 20 ◦C/min. Alumina with the same weight as the
sample was used as a reference and Argon was applied during heat-
ing in order to prevent oxidation. The solidus, liquidus and liquid
fraction of material were determined by the method indicated in
(Tzimas and Zavaliangos, 2000a).

2.4. Partial remelting by induction

Prior to the thixoextrusion, in order to determine the appro-
priate conditions for a successful thixoextrusion, some heating
trials were performed in the laboratory LCFC at the Arts et Métiers
ParisTech, Metz using an induction heating system; it is a high-
heating speed technique with a good repeatability. The generator
(brand CELES) can provide a maximum power of 50 kW in a fre-
quency interval, ranging from 20 to 100 kHz. The induction heating
approach was performed on billets 35 mm in diameter and 34 mm
in height using a purpose-designed induction coil. During heating, a
piece of Nefacier 1500 disc approximately 8 mm in thickness (based
on ceramic fibers with a low content of non-fibrous ceramic par-
ticles) was placed between the billet and the ceramic holder to
reduce the heat losses (Fig. 3(a)). During the billet transportation
stage, the clamps were also covered with a Nefacier 1500 disc to
decrease the thermal exchange between the billet and the clamps.

Three S-type thermocouples were placed in different positions for
monitoring or recording the temperature of the billet as shown in
Fig. 3(b). Considering the skin effect of induction heating and the
heat exchange between the billet and air, various heating cycles
were tested for obtaining a homogeneous temperature field with
a short heating time. A three-step heating cycle of ∼5.5 kW (70 s),
1.8 kW(60 s) and 1.6 kW (80 s) was finally adopted for this billet
geometry for thixoextrusion (Fig. 4(a)). A temperature decrease
of ∼30 ◦C and ∼10 ◦C near surface and in the middle of the billet
respectively were observed in the figure due to the transportation
time (∼9–11 s) caused by radiation losses and thermal exchange
between the material and the clamp. Various heating trials under
the same conditions were performed in order to check the repro-
ducibility of the heating cycles. Fig. 4(b) compares the temperature
evolution in the center of the billets for two trials with the same
heating cycle showing the good reproducibility of the heating cycle.
There were only small variations in temperature at the beginning
of the heating stage and during the holding stage. However, due to
the accuracy of the thermocouples (±2.5 ◦C) and the temperature
controlling around the process temperature, a difference of 10 ◦C
is considered to be acceptable in an industrial steel thixoforging
process.

2.5. Image analysis

The microstructure was characterized by using an optical micro-
scope and a Jeol 7001FLV scanning electron microscope (SEM).
Energy dispersive spectrometry (EDS) analyses were performed
with an Oxford INCA System to study the distribution of the dif-
ferent alloying elements in order to investigate the former liquid
phase. All samples observed were etched using 2% Nital. The grain
size was measured following the ASTM E112-96 standard. The liq-
uid fraction was evaluated using the software ImageJ (automatic
image analysis) on micrographs with small magnification obtained
via optical microscope. During the image analyses, a compromise in

Fig. 3. Schematic of (a) the cylindrical billet position during heating process and (b) the thermocouples position in the billet.



Fig. 4. (a) Temperature evolution of the material at different positions during multi-step induction heating process and (b) temperature evolution at the center of the billet
during two trials with the same heating cycle.

magnification was made: the magnification should be high enough
to clearly distinguish the spheroidal solid from eutectic phases but
low enough to cover sufficient area for minimizing the error due
to inhomogeneous distribution of the phases and permitting rapid
analysis of the micrograph.

3. Results and discussion

3.1. Material in as-received state

The optical micrographs of the as-received M2 high-speed
tool steel obtained on transversal and longitudinal sections are
presented in Fig. 5. The microstructure of the material in the as-
received state consists in a ferritic matrix with fine carbide particles
(confirmed by EDS) (Gu et al., 2012). The grain size is ∼10 �m. As
mentioned in section 2.2, the material underwent a complicated
manufacturing process: hot rolling, tempering and triple annealing
at various conditions which lead to this complex microstructure.
As compared to that of the non-annealed M2 steel, the microstruc-
ture is much more homogeneous and the microsegregation effect is
reduced a lot. However, due to the high content alloying elements
such as W and Mo that have a low solubility and a low diffusion

rate, the microstructure is not fully homogenized. Some carbides
segregation bands parallel to the working direction along the billet
are still due to the rolling process.

3.2. Microstructure in the semi-solid state prior to thixoextrusion

DSC analyses have been carried out to estimate the solidus, liq-
uidus and the liquid fraction of M2 in the semi-solid state using the
set-up and method mentioned above. The DSC results are shown
in Fig. 6. The solidus and liquidus temperatures are estimated at
1240 ◦C and 1440 ◦C, respectively. The liquid fraction between 10%
and 30% corresponds to the temperature interval [1290–1340 ◦C].
The DSC results were useful for determining the thixoextrusion
temperature range. The quenched M2 samples from different
temperatures were also used for further liquid fraction estimation.
For image analysis, the liquid fraction of one sample is an average
value estimated from various positions in both longitudinal and
transversal sections. Fig. 6 compares the liquid fraction as a func-
tion of temperature for M2 steel obtained by image analysis and
DSC. The DSC curve presents a liquid fraction in the good range for
thixoforging between 1300 ◦C and 1340 ◦C. Moreover the variation
is small in this range which is good for temperature controlling



Fig. 5. SEM (a) and optical (b) micrographs of the as-received M2 steel in transversal and longitudinal directions.

Fig. 6. Liquid fraction as a function of temperature obtained by DSC and image analysis.

and reproducibility in industrial conditions. The liquid fraction
evaluated by image analysis is a little smaller than that of DSC.
There are several issues which may lead to this difference in liquid
fraction. The first issue is the sufficiency of cooling rate. Although
the CLSM results (Gu et al., 2014) show that the former liquid zones
can be preserved at a low cooling rate observed by naked eyes,

non-instantaneous solidification may also occur during quenching
the material from semi-solid state, resulting in further solidifi-
cation of liquid. Moreover, the induction heating process may
also cause a lower liquid fraction due to the penetration effect,
as shown in Fig. 7 which presents the liquid fraction in different
positions considering a billet after quenching. The liquid fraction is

Fig. 7. Liquid fraction evaluation on transversal sections at various temperatures.



Fig. 8. Microstructure of M2 steel in the semi-solid state in various sections (optical micrographs).

decreasing with decreasing radius but the variations are relatively
low. As mentioned in section 2.4, it is quite challenging to have a
totally homogeneous temperature distribution in the billet. Thus,
the average liquid fraction evaluated by image analysis is smaller
than that calculated by DSC. Finally, the heating rate with these
two techniques is different (20 ◦C/min for DSC and ∼375 ◦C/min
during induction heating), which can also influence the liquid
fraction (Atkinson and Rassili, 2010).

The quenched billets from the induction trials could be used not
only to estimate the liquid fraction as a function of temperature but
also to study the microstructure evolution in the semi-solid state.
Fig. 8 presents some representative micrographs of the material
heated at various temperatures. There is a great change in morphol-
ogy in the semi-solid state as compared to that in the as-received
state. There is a significant grain growth (from ∼10 �m at room
temperature to ∼40 �m at ∼1300 ◦C) and the solid grains are sur-
rounded with the new formed interconnected large carbides which
correspond to former liquid in the semi-solid state.

The grain growth is thermally activated, grains grow with
increasing temperature and holding time. However, there is not
a significant grain growth when the material is in the semi-solid
state as compared in Fig. 8: the average grain size at 1290 ◦C is
similar to that at 1320 ◦C. One reason for the lack of significant
changes in grain size can be continuous presence of MC complex
carbides in eutectic mixture, which can block grain coarsening.
Another reason may be related to the liquid fraction. Manson-
Whitton et al. (2002) stated that the grain coarsening rate should
decrease with increasing liquid fraction because once a contin-
uous liquid path is present around the solid phase, the energy
is used for the increasing of liquid instead of grain growth. The
coarsening of semi-solid alloys with a liquid fraction can be better
described in terms of the migration of grain boundary liquid films
(Annavarapu and Doherty, 1995) which separate the grains than by
considering diffusion fields around isolated solid grains stated by
Lifshitz–Slyozov–Wagne (Lifshitz and Slyozov, 1961). The agglom-
erated particles cause particle coalescence in order to reduce the
surface energy. During heating, small particles are dissolved to large
particles by the solute diffusion (Ostwald ripening), resulting in the
grain growth. In addition, the grain coalescence is also thought to
be an important factor leading to a greater grain size, as stated by
Tzimas and Zavaliangos (2000b). Fig. 8(e) and (f) presents the evi-
dence of grain coalescence in the semi-solid state. During induction
heating, the material near surface is heated up faster and the final
temperature is higher due to the penetration effect. Resulting from

the gravity of the billet, the solid grains at the bottom get into con-
tact with each other, favoring coalescence. However, the grain size
of M2 is much smaller as compared to that of low alloying steel,
such as C38LTT (Becker et al., 2010b), 100Cr6 (Püttgen et al., 2007).
The low grain growth rate is considered to be related to the carbide
pinning effect.

In addition, some intragranular liquid droplets are observed
in the material at various temperatures as shown in Fig. 8.
These droplets may originate from the undiffused carbides in the
austenitic matrix. As well known, this intragranular liquid do not
contribute to ‘lubricate’ the material during thixoforging; it is also
observed in some other rolled or extruded materials such as Al
7075 (Neag et al., 2012), HP9/4/30 (Omar et al., 2005) and 100Cr6
(Püttgen et al., 2005). Although rolled or extruded materials may
not be ideal for thixoforging process because of the presence of
entrapped liquid (Fig. 8), spherical grains can be easily obtained
without much holding time in the semi-solid state thanks to the
non-dendritic initial microstructure.

As shown in Fig. 8, the spherical microstructure is obtained at
various temperatures by induction heating process. The shape fac-
tor F calculated considering (Eq. (1)) of the solid grains at various
temperatures is similar: around 0.87.

F = 4�A

U2
(1)

where A and U are the area and the circumference of grains, respec-
tively.

When F = 1, all grains are spherical.
Overall, the morphology of the microstructure at various tem-

peratures is similar, with only variations in liquid films thickness.
Normally, with increasing liquid fraction, the thickness of liquid
film should increase, resulting in a higher liquid fraction. The liquid
ejection would probably occur at a higher liquid fraction (Becker
et al., 2010a). Thus, the microstructure in the temperature inter-
val [1290–1340 ◦C] is considered to be suitable for thixoforging
process. The details of the microstructure evolution during partial
melting from solid state to semi-solid state can be found in (Gu
et al., 2012).

3.3. Thixoextrusion tests

From the microstructure results of partial melted M2 billets,
a conventional thixoformable microstructure of spherical solid
grains surrounded by liquid phase could be obtained by direct



Fig. 9. Load-displacement curves during thixoextrusion at different temperatures.

heating the as-received billet to the semi-solid state without hold-
ing time. As calculated from the quenched M2 billets, the liquid
fraction at 1290 ◦C and 1340 ◦C ranges from 10% to 30%. In addition,
the liquid fraction does not vary a lot in this temperature interval for
M2, which is good for temperature controlling in the thixoforming
process.

Some thixoextrusion tests were therefore performed at various
temperatures ranging from 1290 ◦C to 1340 ◦C. As shown in Fig. 4,
the surface of the billets heats up first and rapidly due to the pene-
tration effect and high heating power. The core of the billet is heated
by thermal conduction from the surface, resulting in a low increase
in temperature. At the end of the heating process, the temperature
across the billet is relatively homogeneous with a maximum tem-
perature difference of about 10 ◦C. In addition, the solid skin surface
caused by the thermal exchange and radiation losses is helpful to
support the billet itself, preventing its collapse.

Fig. 9 presents the load-displacement curves of the thixoex-
truded cup-shape parts at various temperatures (1290 ◦C, 1305 ◦C
and 1320 ◦C) using a billet 35 mm in diameter and 34 mm in height,
with a cold die. The obtained parts have good shapes. However, the
surface quality due to oxidation needs to be improved. The part
shown in Fig. 9 is extruded at 1320 ◦C with an average forming
speed of ∼320 mm/s. The curves only show part of the extrusion
stroke. The trend is similar: after a first peak at the beginning of the
extrusion process, the load increases with increasing displacement.
Depending on the evolution of the force, the load vs displacement
curve can be divided into 4 stages as shown in Fig. 9. Stage (1) cor-
responds to the motion of the punch until the first contact with
the billet. A peak load appears just after stage (1), correspond-
ing to stage (2). After the peak, the forming load increases slowly
in stage (3) and greatly in stage (4) when the material fills the
die. In addition, it is also found that an increase in the tempera-
ture (or liquid fraction) results in a decrease in the first load peak
and forming load. This is consistent with literature when consider-
ing the semi-solid forming process for different metallic materials
such as simple compression of Sn–Pb alloy (Kopp, 2003), aluminum
alloy (Kang et al., 1999), steel alloy (Shimahara and Kopp, 2004)
and extrusion of steel grade C38LTT (Becker et al., 2010b). The
load vs displacement curves from the compression tests for dif-
ferent materials are similar in evolution pattern. Before the contact
with the billet, the load value is around 0 kN, with small variations
due to the clamping force on the die and the accuracy of the load

sensor. The first peak appears when the billet starts being
deformed; this load may be used for the breakdown of the solid
skeleton, the decohesion of the insufficiently wetted grain bound-
aries or the fracture of the oxide layer. In this stage, it can also be
observed that the peak load decreases with increasing temperature.
As the liquid fraction increases, the strength of the solid skeleton
decreases; it is more easily broken. In addition, with increasing liq-
uid fraction, the space between unconnected particles may enlarge.
The solid grains are therefore easier to rotate or pass each other,
leading to a decrease in viscosity. Liu et al. (Liu et al., 2003) and
Omar et al. (Omar et al., 2005) also investigated the influence of
holding time on the peak load by performing different experiments
on various materials. They stated that the peak load decreases with
increasing holding time. After the first peak, the load decreases
significantly with the penetration of the punch into the material.
The material is thought to have a thixotropic behavior. As soon
as the structure is broken down, the solid grains are surrounded
by the liquid phase. Depending on the liquid fraction, the material
shows a thixotropic or partial thixotropic behavior. With further
penetration of the punch, the load increases rapidly. In this stage,
the material experiences back extrusion and die filling. Moreover,
the surface quality of the parts is not good due to the oxidation
appearing during the induction heating process. Some liquid segre-
gations are also observed in several thixoextruded parts, especially
in the longitudinal direction, leading to a possible liquid ejection.
During extrusion, the liquid follows a path that requires the lowest
energy. Part of this liquid can be squeezed out of the material when
reaching the billet surface. Finally, a warm die (∼350 ◦C) has also
been tested during some extrusion experiments. As compared to a
cold die, no big difference has been observed in the load profiles
and the cup shape. The load does not decrease as expected when
using a warm die; the temperature (∼350 ◦C) may not be sufficient
to improve the material flow.

3.4. Microstructure in different zones

After extrusion, the parts have been sectioned in the longitu-
dinal direction for a morphology investigation. Table 2 shows the
microstructure of one part (1320 ◦C) in different zones. Fg and Fl
are the average shape factor and liquid fraction, respectively.

The microstructure is different in the different zones of the
thixoextruded cup. The difference in microstructure in various



Table 2
Microstructure in different positions (optical micrographs).

zones is thought to be related to the part geometry and at the liq-
uid fraction associated. The results of quantitative image analysis in
different zones show that the liquid fraction increases from the bot-
tom of the cup (around 11%) up to ∼27% at the top. This increase
in liquid fraction was also observed on aluminum thixoextruded
parts by Neag et al. (2012). Globular solid grains surrounded by liq-
uid phase are observed in the outer surface and in the zones above
the intermediate height of the cup (above point 5). The microstruc-
ture at the bottom (point 1, 3) and inside corner (point 2) of the
cup shows equiaxed solid grains with less liquid, due to the plas-
tic deformation of grains in these zones. The low liquid fraction
in point 1 corresponds to the zone in which the temperature was
lowest during heating because the heat transfer with the tool was
important. For point 2, the heat transfer between the billet and the
upper punch as well as the low material flow explain the low liq-
uid fraction and the equiaxed solid grains. In zones 4, 7, 10, 13 near
the outer edges of the grains are larger and globular because the

material at the periphery of billet is warmer during the heating
process. The spheroidal grains imply that the semi-solid zone was
reached during heating and that the material was less deformed
during the forming process. A liquid segregation is also observed,
mainly located in zone 2. As discussed above, there are four stages
in the extrusion process. After breaking down of the solid skeleton,
most of the grain boundaries are wetted by the liquid phase. As
the deformation proceeds, the liquid phase is pressed to the edge
(like water out of a sponge), resulting in a decrease of the liquid
fraction in the center. With the deeper penetration of the punch
into the material, the liquid fraction in the center still decreases,
while in the filling zone (in the side walls of the cup), the liquid
fraction is relatively high. Therefore, during extrusion, the mate-
rial flow in the filling zone is driven by the liquid flow combined
with the rearrangement of solid grains. Due to the geometry of the
extruded part, the diameter of the flow front zones increases with
the height of the cup; the volume of material to be supplied also



increases. This increase can be easily accommodated by the liq-
uid phase, since the liquid is much more fluid than the solid. In
the inside corner of the cup, the solid grains can get into contact
with each other, blocking the flow of the liquid phase during extru-
sion. As a consequence, the segregation of liquid phase becomes
evident in this zone; meanwhile, heat is generated due to the sig-
nificant deformation in the inside corner of the cup, resulting in
a higher temperature and therefore the increasing of liquid frac-
tion in this zone. However, the segregation phenomenon remains
small because of the low quantity of liquid in this zone. The liq-
uid fraction in the center decreases with increasing deformation.
When the solid grains start getting into contact with each other,
plastic deformation occurs as shown in Table 2 (1 and 3). From the
curves of forming load as a function of displacement, it can also be
concluded that the forming load for plastic deformation of grains is
much higher than for grains sliding and liquid flow. During extru-
sion, the material in zone 4 is similar to that in the semi-solid state
prior to thixoextrusion, which indicates that the material in this
zone is not deformed. Omar et al. (Omar et al., 2009) also inves-
tigated the thixoformability of M2 steel grade, but they mainly
focused on higher liquid fraction between 30% and 50%. Compar-
ing the microstructure in the semi-solid state in the two studies,
the microstructure is similar: spherical solid grains (average grain
size ∼40 �m) with surrounded liquid phase. With such a micro-
structure, an increase of 10% in liquid fraction (from 20% to 30%, for
example) leads to a 2 �m increase in thickness of liquid films. Since
the cups can be thixoextruded at a lower liquid fraction (10–30%),
it is possible to say that the liquid fraction range for a successful
thixoforming process can be enlarged from 10–50%, depending on
the material microstructure in the semi-solid state.

4. Conclusions

This work showed the possibility to thixoextrude a M2 high-
speed tool steel at processing temperatures ranging from 1290 ◦C
to1340 ◦C which corresponds to a liquid fraction between 10% and
30%. Despite the relative small liquid fraction, the parts could be
successfully extruded in the semi-solid state. By induction heat-
ing, the conventional globular microstructure surrounded by liquid
phase was obtained directly from the as-received state. By study-
ing the load-displacement curves, four processing stages were
observed: (1) prior to thixoextrusion stage, (2) structure break-
down stage, (3) thixotropic flow stage and (4) plastic deformation of
solid grains stage. At higher temperature (or higher liquid fraction),
the first peak load and the final forming load decreased whereas
the thixotropic flow stroke increased. According to the microstruc-
ture in different zones of the thixoexturded cups, three material
flow mechanisms were also proposed: the breakup of microstruc-
ture mechanism dominates the stage–stage (2); the flow of liquid
phase combined with the sliding between solid grains prevail on a
relatively larger amount of deformation–stage (3) and are followed
by the plastic deformation of solid grains at bottom of the cup as
the dominant mechanism–stage (4). Finally, thixoextrusion with a
warm die (∼350 ◦C) was also tested, but the results showed that a
die temperature below ∼350 ◦C may be not sufficient to improve
the material flow. This work showed that the load signals and the
material flows were influenced by processing temperatures/liquid
fraction and the microstructure. Further work on numerical simu-
lations with a proper model for semi-solid forming (load, material
flow, behavior law) is ongoing; it will help us to better master the
thixoforging process for steels.
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