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Abstract

Microstructure is of crucial importance to the flow behavior of semi-solid slurries during the thixoforging process. Therefore, a thor-
ough understanding of the microstructure evolution is required. In order to achieve this, high temperature confocal laser scanning
microscopy (CLSM) and high energy X-ray microtomography were used to investigate the microstructure evolution of several steel
grades (M2, 100Cr6 and C38LTT) during the heating process from as-received conditions to the semi-solid state. It was found that
the microstructure development of M2 can be directly studied at high temperature via these two techniques. Two types of small carbides
(MC and M¢C) were present in the as-received state, while totally new interconnected carbides of specific size and composition were
formed from liquid zones after cooling. It was also noted using CLSM that the diffusion rate of the alloying elements during the cooling
of M2 was very low. This confirms that the volume fraction of the liquid phase of M2 at high temperature can be evaluated by three-
dimensional X-ray microtomography in situ at high temperature and on quenched specimens. Contrary to M2, the microstructure of the
steel grades 100Cr6 and C38LTT in the semi-solid state can only be revealed by CLSM at high temperature. All these observations are
discussed in terms of microstructural development and liquid fraction during heating.
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1. Introduction

Thixoforging, an innovative technology, is recognized as
a near-net-shaping process which takes advantage of the
thixotropic properties of semi-solid slurries to produce com-
plex parts with good mechanical properties, usually in a one-
step operation. The nondendritic microstructure, which
consists of spheroidal grains in a liquid matrix, plays an
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important part in successful thixoforging, because it deter-
mines the thixotropic properties of metallic materials in
the semi-solid state [1]. Therefore, it is necessary to have a
thorough understanding of the microstructure evolution
during semi-solid processing. In partially liquid metallic
alloys, the volume fraction of solid phase and its distribution
(solid skeleton) are of great importance in the thixoforging
process, because they crucially influence the rheological
behavior [2] and therefore the flow behavior of a material
during its formation [3]. Normally, the microstructure of
materials in the semi-solid state is always characterized by
means of quenching experiments from the partial liquid
state. However, the microstructure characterization by
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quantitative metallography on quenched samples, especially
steel grades, is very difficult due to the high diffusion rate of
elements and phase transformation behavior during
quenching [4]. Moreover, considering random sections,
two-dimensional (2-D) image analyses may not give a repre-
sentative image of the structure and can sometimes lead to
invalid conclusions, in particular for the characterization
of the liquid phase networks and the steric arrangement of
the solid phase in the semi-solid state. Thus, three-
dimensional (3-D) analyses can be preferable for micro-
structure characterization, especially if they are carried out
in situ, directly at high temperatures.

In situ techniques are increasingly used and developed to
study the microstructure evolution. Some 2-D in situ tech-
niques have been employed for the real-time observation of
microstructure evolution during melting and solidification.
Igbal et al. [5] used synchrotron X-ray diffraction to observe
grain nucleation and growth in situ during solidification of
aluminum alloys. Attallah et al. [6] investigated the initiation
of incipient melting of primary y' in an Ni-base superalloy by
using high temperature confocal laser scanning microscopy
(HT-CLSM). Compared to the 2-D in situ techniques, high
energy X-ray microtomography, which is a non-destructive
technique, offers the possibility to retrieve 3-D information
from a given specimen. It can be used to characterize the
morphology of materials and to obtain some quantitative
results in the semi-solid in three dimensions through ex situ
and in situ investigations [7]. This technique has been suc-
cessfully used to investigate the overall and local microstruc-
tural changes occurring during partial remelting of
aluminum alloys directly at high temperature [8], because
the solid and liquid phases present good absorption contrast
thanks to the large difference in chemical compositions. Such
in situ observations have never been performed on steel
grades in the semi-solid state; only ex situ investigations on
M2 steel grade have been carried out on quenched specimens
from the semi-solid state [9].

The thixoforging of alloys with low melting points, such
as aluminum and magnesium alloys, has been industrial-
ized [4,10]. However, steel thixoforging is still at the
research stage. Because of some advantages of steel thixo-
forging, such as a low forging force, the possibility to form
complex parts and to reduce forming operations, and final
parts with high mechanical properties, interest in the com-
mercialization of this process is on the rise. Considering the
industrial applications and suitability of the thixoforging
process, C38LTT (low temperature for thixoforging) [11]
100Cr6 [12] and M2 [13], were investigated using CLSM
and X-ray microtomography. The aim of this paper is to
present a detailed experimental study of the microstructure
evolution of these three steel grades prior to the thixofor-
ging process using both in situ and ex situ technologies.
The volume fraction of liquid will be focused on as it is
the most influential parameter of thixoformability. The
instrumental device and the experimental procedure are
described and the microstructure evolution is analyzed.

In addition, the 3-D microstructure of a complex M2 steel
billet in the semi-solid state is reconstructed and discussed.

2. Experimental procedure
2.1. Materials

Three different steel grades were used in this study: hypo-
eutectoid steel C38LTT, hypereutectoid steel 100Cr6 and
M2 high speed tool steel. C38LTT was manufactured by
ASCOMETAL steel producer specifically for the thixoform-
ing process. 100Cr6 is a commonly used steel and also has
good thixoformability. M2 steel was produced by hot rolling
at a temperature of ~1100 °C; after quenching, it was then
annealed three times for 1 h at 540 °C. Thanks to its high
content in alloying elements, especially tungsten and molyb-
denum, which have a high difference in X-ray absorption
compared to iron, M2 was investigated in the semi-solid
state as a “model” to predict the behavior of the other two
grades, which are more industrially used. The chemical com-
position of these three steel grades is given in Table 1.

2.2. HT-CLSM

A LasertecTM 1LM21H-SVF17SP CLSM was used to
make some in situ investigations of the microstructure evo-
lution directly during heating to the semi-solid state and
during cooling to room temperature. It was combined with
a heating stage mounted at the focal point of an ellipsoidal
gold-plated infrared image furnace, powered by a 1.5 kW
100 V halogen lamp (Fig. la and b).

Small samples 5 mm in diameter and 3 mm in height
were used for the in situ observations at high temperature.
Each specimen was sectioned, ground and mechanically
polished down to 1 um. For the experiments, each specimen
was placed in an alumina crucible positioned on a Pt stage
in the furnace below a quartz viewing window. During heat-
ing, a high purity argon atmosphere was charged and tita-
nium foils were placed near the specimens in order to
avoid the oxidation phenomenon. Different steel samples
were heated following the heating cycles shown in Fig. lc.
They were heated at a low heating rate until a plateau was
reached at ~300 °C. After 50 s of isothermal holding, the
samples were heated at a heating rate of 200 °C min' to
the predetermined temperature. Due to the nature of the
temperature measuring and controlling system (Fig. la),
there is a difference in temperature between the real and
measured temperatures during rapid heating. A thermal cal-
ibration showed that the temperature difference between the
specimen surface and the recorded thermocouple tempera-
ture did not exceed 415 °C. The specimen’s surface was ini-
tially etched in order to reveal the microstructure and adjust
the focus and the magnification of the CLSM. After each
thermal cycle, the specimens were prepared a second time
for microstructure characterization at room temperature,
after cooling, by grinding, polishing and Nital 2% etching.



Table 1
Chemical composition of the steel grades.

Chemical composition (wt 1073%)

C Si Mn S P Ni Cr Mo Cu Al Sm As BV Ti Nb Ca~ N w

C3SLTT 399 596 1424 83 77 91 130 29 114 3 9 9 4 8§89 15 0 10 0
100Cr6 988 230 326 6 7 210 1428 82 194 31 13 10 2 4 301 2 109 0
M2 850 35 250 <40 <40 200 4100 5000 100 1900 6400
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Fig. 1. Schematic view of CLSM with infrared image furnace (a and b) [14]. The thermal cycles performed in the CLSM for various steel grades are shown

in (c).

They were finally observed with both optical and scanning
electron microscopes.

2.3. High energy X-ray microtomography

Both in situ and ex situ X-ray microtomography experi-
ments were carried out on the high-energy ID15A beamline
at the ESRF (European Synchrotron Radiation Facility) in
Grenoble, France. The samples 1.2 mm in diameter and
30 mm in height were electrodischarge-machined from
rolled steel bars. During the tests, each sample was mounted
on translation and rotation stages in order to achieve a
good alignment with the X-ray beam before the measure-
ment and a 360° rotation for 3-D observations. An induc-
tion heating system developed in our laboratory at
ENSAM was used to heat the specimens to the semi-solid
state for in situ observations. The X-ray beams went
through the specimen while the specimen was continuously
rotating over 360°. The incident X-ray beam was directed
onto the rotating samples with a constant energy of
60 keV. The transmitted beam was recorded using a fast
DALSTAR Pantera 1M60 CCD detector with a ~25ms
exposure time. In full frame mode (1024 x 1024 pixels),
the scan time for a total rotation was ~20 s. The transmitted
information was digitally transcribed into a grey level pro-
portional to the number of transmitted photons. During
in situ tests, the induction heating rate was very fast. No
protective gas was used during heating, due to the strong
thermal exchange between the protective gas and the sam-
ple. In order to avoid significant microstructure changes

in one X-ray scan, the same specimen was tested at various
temperatures (in both the solid state and semi-solid state). It
was assumed that the microstructure changes at a constant
temperature were not significant in one tomographic scan.
The effective pixel size was ~1.2 um and 3600 projections
were captured. Fig. 2 shows a schematic view of 3-D X-
ray microtomography. The induction heating system was
only used for the in situ observations; ex situ experiments
were performed on parts quenched from the semi-solid
state. The X-ray microtomographic slices were then recon-
structed and the different volumes obtained were processed
and analyzed with the image analysis software Image].

2.4. Ex situ experiments: induction heating

Thanks to its high heating speed, repeatability and abil-
ity to heat in a protective atmosphere, the induction heating
approach is preferably used for industrial thixoforging
applications. In order to study the microstructure develop-
ment and liquid phase distribution in the billet, an M2 steel
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Fig. 2. Schematic diagram of X-ray tomography set-up.



billet 38 mm in diameter was partially heated to the semi-
solid state using a one-step heating route. Due to thermal
exchanges and penetration effects, a bell-shape temperature
distribution was expected: the temperature decreased with
decreasing radius and height, and the material at the bot-
tom remained in the solid state due to the lack of heat
source in this area (Fig. 3). As a consequence, the volume
fraction of liquid throughout the billet must be very differ-
ent, because of the heterogeneous temperature distribution
in the billet. A pyrometer was used to control the heating
process by measuring the temperature at point C; when it
reached ~1300 °C, the billet was directly water-quenched
without any holding time to freeze the microstructure pre-
sented in the semi-solid state. Then, some cylindrical sam-
ples (J1.2mm) were taken in various directions
(electrodischarge machining), as shown in Fig. 3.

2.5. Metallography and image analysis

Microstructure observations and analyses were also con-
ducted at room temperature with an optical microscope
and a JEOL 7001FLV scanning electron microscope
(SEM). The distribution of different alloying elements
was finally investigated using an EDS system from Oxford
Instruments. All samples observed in two dimensions were
etched using 2% Nital (2 ml HNOj3 + 98 ml ethanol).

3. Results and discussion
3.1. Materials in as-received state

Optical and SEM micrographs of the three steel grades
(C38LTT, 100Cr6 and M2) in the as-received state are
shown in Fig. 4. First, C38LTT is a ferritic pearlitic steel
in the as-received state (Fig. 4a) with the presence of
MnS and TiCN inclusions (Fig. 4a) and the grain size is
~10 pm; 100Cr6 steel shows only a pearlitic microstructure
with an average grain size of ~10 pum, Fig. 4c. Then, the
results showed that M2 steel (average grain size ~10 um)
contained large amounts of carbides (Fig. 4d) which was

[Samplc 5 |
[ Sample 6

Heat loss due to thermal exchange

confirmed by EDS analyses shown in Fig. 5: the whiter par-
ticles are MC type carbides, rich in tungsten and molybde-
num, while the darker ones are MC-type carbides, rich in
vanadium, tungsten and molybdenum. Moreover, the pres-
ence of microsegregation bands parallel to the working
direction in the longitudinal direction (Fig. 4¢) confirms
the manufacturing process.

3.2. In situ observations with CLSM

The in situ observations were first performed on
C38LTT and 100Cr6 in order to study the microstructure
evolution and the liquid distribution in particular, via par-
tial remelting from the as-received state. M2 steel grade
was then investigated.

Fig. 6 presents the snapshots taken at different tempera-
tures on C38LTT in the attempted thermal cycles shown in
Fig. 1. The sample was etched before in situ observations,
which leads to a rugged surface; since CLSM is sensitive to
the relief, as a result, the grain boundaries could be
observed as shown in Fig. 6a. A solid-solid transformation
occurred at ~740 °C (Fig. 6b); it was characterized by a
total change of the brightness of the image. Given the tem-
perature, this phase transformation must have been auste-
nization. Ferrite and pearlite were transformed into
austenite in white in Fig. 6b. However, some MnS inclu-
sions were still remaining in the matrix and along the grain
boundaries after austenization, as shown in Fig. 6c—e. With
increasing temperature, the austenite grain boundaries
were revealed by thermal etching, and the liquid films were
first observed along the grain boundaries (Fig. 6d). How-
ever, when comparing Fig. 6d and e, it was found that
the liquid content increased a lot during a very short time.
Moreover, the liquid distribution at the surface of the sam-
ple was not uniform. During cooling, after liquid/solid and
solid/solid phase transformations, the microstructure
mainly consisted of ferrite, pearlite and MnS inclusions
(Fig. 6g). After in situ observations, the samples were
etched with Nital 2%. The microstructures before and after
etching could be compared in Fig. 6h and i. Ferrite in

Diameter of specimens: @1.2mm

Fig. 3. Schematic of the set-up for partial melting experiments and the position of the samples.
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Fig. 4. Micrographs of as-received samples. C38LTT in (a) longitudinal direction (optical) and (b) transversal direction (SEM); 100Cr6 in (c) transversal
direction; M2 in (d) transversal direction (SEM) and (e) longitudinal direction (SEM). P: pearlite; F: ferrite.

Fig. 5. SEM-EDS mapping of as-received M2 steel.

white, pearlite in grey and MnS inclusions in black were
observed in Fig. 6i. The liquid films shown in Fig. 6h
mainly correspond to the ferrite at the grain boundaries
shown in Fig. 6i. However, the former liquid zones cannot
be precisely detected from the microstructure cooled from
the semi-solid state to room temperature.

The microstructure evolution of 100Cr6 during heating
and cooling can be observed in Fig. 7. During heating,
the sample surface remained unchanged until ~770 °C
(Fig. 7b). Pearlite and the grain boundaries revealed by
SEM (Fig. 7a) were not visible with CLSM because of
the lack of relief at the surface. During heating the austeni-
zation starting temperature was ~770 °C. With increasing
temperature, thermal etching revealed the austenite grain

boundaries (Fig. 7c); the grains grew with increasing tem-
perature. When temperature exceeded the solidus tempera-
ture of 100Cr6 (~1290 °C), the liquid first appeared along
the grain boundaries (Fig. 7d) and then in the matrix
(Fig. 7e). The liquid film finally recovered the whole surface
of the sample (Fig. 7f); with decreasing temperature, it
started to solidify and finally transformed into pearlite
(Fig. 7g). After the in situ observations, the samples were
also investigated post mortem. Fig. 7h and i presents the
micrographs of the surface before and after etching, respec-
tively. The oxidation of the sample surface can be observed
(Fig. 7h). The boundaries may be related to the grain
boundaries, since they are deeper than the surface in the
semi-solid state as compared in Fig. 7h and i. After etching,
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Fig. 6. (a—g) HT-CLSM snapshots for the sequence of partial remelting of C38LTT during heating at 200 °C min™! until 1420 °C and the subsequent
cooling. (h) Sample surface after cycle and (i) optical micrograph of the material shown in (h).

pearlite is well observed in the sample, but it is very difficult
to find a correlation between the final microstructure at
room temperature and that in the semi-solid state. From
all the snapshots, it can be found that the liquid fraction
on the sample surface increases rapidly in a small temper-
ature range, from 1300 °C to 1350 °C.

From the results of CLSM on these two steel grades
(C38LTT and 100Cr6), it could be seen that the semi-solid
range was relatively small. Therefore, it will be difficult to
control it with a good reproducibility in industrial applica-
tions. In addition, after cooling from the semi-solid state, it
was very complicated to retrieve the previous microstruc-
ture in the semi-solid state. Even when performing some
EDS mappings on quenched materials with prolonged
exposing time, the former liquid zones could not be deter-
mined. Therefore, another steel grade, M2, was introduced
in this study, because of its high content in alloying ele-
ments which can be easily detected by different techniques.

The specimen surface revealed the evolution of the
microstructure of M2 in the solid state at various tempera-
tures (Fig. 8a—c). Before reaching the austenization starting
temperature (~830 °C), a microstructure with small grains
and isolated carbides could be observed. With increasing
temperature, the carbides decreased in size; the different ele-
ments diffused into austenite. However, as the content of

chemical elements is very high, it was impossible to dissolve
all these carbides before melting started (Fig. 8c). When the
solidus temperature was reached, the alloying elements dif-
fused into the liquid phase (Fig. 8d) in which the solubility
was higher. The liquid appeared mainly along the grain
boundaries (Fig. 8e). An interconnected liquid phase was
formed with increasing temperature, as shown in Fig. 8e.
Since the liquid was rich in alloying elements, it was easy
to study the evolution of the liquid phase at high tempera-
ture. After cooling, this liquid phase became new carbides
with exactly the same size and location (Fig. 8f), even with
the low cooling rate available with the CLSM (~200 °C
min~'). Besides the liquid/solid transformation, there were
some solid/solid phase transformations during cooling
(405 °C, Fig. 8h). At room temperature, a microstructure
differing from that in the as-received state in grain size, dis-
tribution of carbides and morphology was obtained
(Fig. 8).The newly formed carbides were surrounding the
grains which were bigger than those in the as-received state;
few alloying elements remained inside the grains, as shown
by EDS analyses.

With this technique, it was therefore possible to investi-
gate the microstructure evolution directly at high tempera-
ture, but it was not easy to quantify the liquid fraction
mainly because of the magnification and the field of view
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Fig. 7. (a) SEM micrograph of 100Cr6 in the as-received state. (b—g) HT-CLSM snapshots for the sequence of partial remelting of 100Cr6 during heating
at 200 °C min~! until 1350 °C and the subsequent cooling. (h) Sample surface after thermal cycle and (i) optical micrograph of the material shown in (h).

available. However, it was found that the freezing range of
M2 was relatively large and, more importantly, that the
liquid phase in the semi-solid state of M2 could be pre-
served after cooling and corresponded to newly formed
big carbides, even at a low cooling rate. It means that it
must be possible to quantify the liquid fraction ex situ by
image analyses, especially on the material quenched from
the semi-solid state.

According to the CLSM results for these three steel
grades, it was possible to investigate the microstructure
evolution (solidus temperature, liquid appearance, grain
size, etc.), but due to the small field of view, it was difficult
to make a liquid fraction evaluation. Since the X-ray mic-
rotomography can provide a 3-D microstructure informa-
tion, some experiments were then performed on these
steels.

3.3. X-ray microtomography

3.3.1. In situ observations by high energy X-ray
microtomography

Fig. 10 presents some 2-D in situ tomographic slices of
C38LTT and M2 samples, numerically extracted in the
semi-solid state. Since there is not a big amount of alloying
elements in C38LTT and since these elements are not far

from iron in the Periodic Table, there is no difference in
X-ray absorption (absorption contrast) between the solid
and liquid phases. A homogeneous microstructure can be
observed for C38LTT as shown in Fig. 10a; similar results
were observed for 100Cr6 for the same reasons. On the
contrary, for M2, a heterogeneous microstructure can be
obtained with different phases visible, as shown in
Fig. 10b. The liquid is rich in alloying elements thanks to
the high content in alloying elements which are far from
iron in the Periodic Table (especially Mo and W); because
of the different absorption of alloying elements, the white
zones are considered to be liquid zones containing heavy
elements while the grey zones correspond to the austenitic
matrix. Since the slice is taken from the transversal direc-
tion, no segregation bands are observed. This confirms
with CLSM that the microstructure evolution of M2 can
be studied through in situ X-ray microtomography.

Fig. 11 presents a set of 2-D in situ tomographic slices of
the sample numerically extracted in the solid (Fig. 11a) and
semi-solid state (Fig. 11b), respectively.

One can clearly observe the evolution of oxidation on
the sample skin even at a high heating rate due to the
absence of protective gas. Before heating, a small oxide
layer caused by electrodischarge machining was observed
on the sample skin; with increasing heating, the thickness
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Fig. 8. (a—h) HT-CLSM snapshots for the sequence of partial remelting of M2 during heating at 200 °C min~! until 1250 °C and the subsequent cooling. (i)

is a SEM micrograph after cooling from the semi-solid state.

Fig. 9. SEM-EDS mapping of the M2 quenched from the semi-solid state.

of this layer increased significantly, as shown in Fig. 1la-
c. The heating time from Fig. 1la—c was less than 1 min.
Despite that, what was interesting was that the micro-
structure development during heating could also be

observed. The white zones in the tomography images were
liquid because they were rich in alloying elements, espe-
cially Mo and W; they were also interconnected. The mor-
phology and distribution of these white zones were similar
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Fig. 11. X-ray microtomography slices showing the microstructure evolution at different heating times.

to those observed in SEM images after quenching, as
shown in Fig. 9, corresponding to newly formed carbides
as seen with CLSM experiments. Moreover, these new car-
bides formed after quenching are located at the grain
boundaries where the liquid is supposed to appear first
at high temperature [15]. A 1.2 um resolution was used
in this study: it was the best achieved so far with this tech-
nique. This means that some very small liquid zones/car-
bides cannot be detected or some assembled carbides are
probably considered as one large carbide. However, since
the differences of microstructure in the solid state and
semi-solid state are significant, it is possible to use X-ray
microtomography in order to observe the microstructure
evolution in a whole billet heated to the semi-solid state,
directly at high temperature or after quenching, and to
make a real quantification of the liquid fraction through-
out this billet.

3.3.2. Ex situ X-ray microtomography on M2 after
quenching

The results of CLSM on M2 have shown that the liquid
zones can be preserved by cooling, even at a low cooling
rate. It means that after quenching, it must be possible to
precisely locate and quantify the liquid fraction obtained
at high temperature. As compared to CLSM and SEM,
X-ray microtomography provides 3-D information on
microstructure, as stated in Ref. [9]. In addition, a larger
field of view can improve the precision of the quantification
of liquid fraction and reduce the uncertainty. In order to
study the real volume liquid fraction at high temperature,
ex situ X-ray microtomography experiments were per-
formed on the samples electrodischarged from the partially
heated billet in Fig. 3. Three types of microstructure can be
observed in different positions depending on the height (or
temperature) in the billet. Fig. 12 shows the 3-D stacks of



Fig. 12. 3-D stacks of M2 taken from different zones showing various microstructures. (a) 100% solid state. (b) Low liquid fraction. (c) High liquid

fraction.

M2 reconstructed at three different positions. Fig. 12a is
taken at the bottom of the sample (solid state). Fig 12b
and c is taken in the semi-solid state. In Fig. 12a, only very
small carbides are present; their size is similar to those in
the as-received state. In Fig. 12b, big interconnected car-
bides coexist with small isolated carbides that are not fully
diffused into the liquid phase. Finally, Fig. 12¢ mainly
shows big interconnected carbides mainly located at the
grain boundaries where the liquid is supposed to appear
in the semi-solid state; these carbides make it easier to
define the grain size at high temperature and after quench-
ing. Some segregation bands can also be observed in longi-
tudinal sections along the samples. Similar to the SEM
micrographs of the as-received state of M2, the isolated
carbides are shown in transversal sections in Fig. 12a. By
image analysis, the volume fraction of white zones can be

quantified; it varies from ~11% to ~22% with increasing
height from bottom to top.

After the total reconstruction of X-ray tomography
slices taken from the partially melted and water-quenched
billet, it was found that the microstructure at various posi-
tions is different. For better legibility, only typical recon-
structed stacks at different zones are given. Table 2 shows
their fraction of carbides while Table 3 presents their 3-D
microstructure. Due to the effect of penetration depth
during induction heating and thermal exchange, the temper-
ature distribution throughout the slug is heterogeneous: the
temperature increases with height and radius. Depending
on temperature in the part, there are mainly three zones
which show different microstructures. Considering sample
1 as an example, in the height interval of 0—11 mm (Table 3
(05) and (06)), the microstructure is similar to that in the

Table 2
Fraction of carbides evaluated by 3-D tomography in different positions.
Sample Position Fraction of carbides

H(mm)| R(mm) Fc (%)
i i 5(19) 20) 01 m | 29 18 211412
(01) o m==———memeeser @ | 16 18 15.2+0.5
| (©) 3 | 15 18 14.9+1.4
)om @ | 12 18 11.9+0.4
T Ny G | 11 18 10.3+0.7
Egﬂ,,,@)\\ \\ (6) 1 18 11.1£0.8
i > \ ™M | 29 9 17.4+0.8
i e \\ ®) | 25 9 13.9:0.7
03 : \ \ © | 24 9 13.2+0.8
5033 hee= Bf=—=th 10) [ 22 9 10.9+0.7

| (22)(23)(24 aay | 21 9 10+0.4
(04) i X 1) | 1 9 11.540.6
(05) ! a13) | 29 0 14.8+0.5
i (A) 14) | 26 0 13.6+0.2
i | 15 | 25 0 12.6+0.8
i i (16) | 23 0 10.7+0.5
i 11(25) (26) 27) an | 22 0 10.5:0.3

(06) (12)dp  (18) g £ = [a® [ 1 0 111511
b | O il il 19) | 29 0.6 15.0£0.7
L 1= _D_ _F_uilg gf_viey_ ! (20) | 29 9 17.0£0.4

! ! 1) | 29 18 20.9£1
. 22 15 11 11.7£0. 8

A: Solid state " . 523; 15 13 13£0.6
B: Semi-solid state (new formed and original carbides) 4) 15 13 142204
C: Semi-solid state (new formed carbides; Fc = Fl) 25 1 06 10.620.6
26 | 1 9 10.8+0.7
@n | 1 18 11.4%0.5

Fc and FI are the volume fraction of carbides and liquid, respectively.




Table 3

3-D tomographic stacks reconstructed from the partial remelted and quenched part shown in Table 2.

(01), (02)

(07), (08), (13), (14)
. Fh Trans

as em,en -

versal

as-received state: isolated small carbides and carbide segre-
gation bands are visible in longitudinal section and the frac-
tion of carbides Fc is ~11%. The material in this interval
therefore remains in the solid state. Then, with increasing
height where the temperature is higher, part of the original
carbide particles are dissolved and the alloying elements in
carbides start diffusing to the liquid zones where the solubil-
ity is higher. During quenching, new carbides are formed
from liquid zones. Meanwhile, from the results of CLSM
on M2, it could be concluded that few alloying elements dif-
fused into the matrix during quenching. As shown in Table 3
(03) and (04), both big interconnected and isolated small
carbides can be observed. By image analysis, the volume
fraction of carbides increases from ~11% to ~15% with
increasing height from 12 mm to 16 mm. Finally, mainly
interconnected big carbides are observed in the 3-D stacks
of sample 1 over the height of 16 mm. In these zones, the ini-
tial small carbides were fully diffused into the liquid phase

due to high temperature. After quenching, the newly
formed interconnected carbides are shown in Table 3 (01)
and (02). As a conclusion, depending on the morphology
of sample 1, there are mainly three zones: Zone A, a solid
zone in which the microstructure and the volume fraction
of carbides are similar to that of the as-received state; Zone
B, a semi-solid zone with still undissolved original carbides
and Zone C, a semi-solid zone where the original carbides
were totally dissolved into liquid during heating, leading
to the apparition of new big carbides after quenching. In
Zone C, the carbide fraction is equal to the liquid fraction
F1 whereas in Zone B, it is difficult to get the liquid fraction
due to the coexistence of the new big carbides formed from
previous liquid zones and original carbides. When compar-
ing the evolution of the microstructure and liquid fraction
of axial samples (samples 1, 2 and 3), the results are quite
similar, but with a certain discrepancy. For example, the
height interval of Zone A in sample 2 and sample 3 is



0-22 mm and 0-24 mm, respectively. Zone C in samples 2
and 3 covers the height interval 24-30 mm and 25-30 mm,
respectively. The microstructure evolution in the radial
samples (samples 4, 5 and 6) is presented in Table 3 (19)-
(27). Due to the heterogeneous temperature distribution
in the partially remelted billet, the microstructure changes
depend on the position. The segregation bands can be
observed in all the radial samples but with different mor-
phologies. In sample 4, the liquid zones preferentially
develop from the grain boundaries and appear very clear
after quenching, which makes obvious the definition of
the new grain boundaries. As sample 6 remains in the solid
state, the segregation bands mainly contain small carbides
instead of interconnected carbide networks, as observed in
sample 4. Since the sample 5 is in Zone B, both small iso-
lated carbides and interconnected big carbides networks
are observed. If we compare the morphology and the car-
bide fraction at the same height and radius, but in different
zones (e.g. in Tables 2 and 3, (01) vs. (21), (02) vs. (20), (13)
vs. (19), (03) vs. (24), (06) vs. (27), (12) vs. (26) and (18) vs.
(29)), it can be noted that the induction heating is axisym-
metric; the expected bell-shape of temperature distribution
is therefore confirmed.

4. Discussion

CLSM was used to investigate the occurrence of the
liquid phase in various steel grades via partial melting.
The microstructure evolution of the grades during heating
was similar, with solid/solid and solid/liquid phase trans-
formations. The first austenization was observed when
the temperature reached Acl, followed by grain growth,
the initiation of localized melting with increasing tempera-
ture and then, ultimately, more grain boundary wetting.
Classically, differential scanning calorimetry/differential
thermal analysis and dilatometric experiments were used
for determining the phase transformation temperature.
Similar to the results observed from CCT curves, the com-
parison of the austenization starting temperature of the
three studied steels based on the CLSM snapshots showed
that it was much higher for M2 steel than that of the two
other grades, which may have resulted from the alloying
elements. In addition, the diffusion rate of alloying ele-
ments was much lower than that of carbon, leading to a
longer time for total austenization. Moreover, during heat-
ing, in each grade, there was a significant grain growth
when comparing the grain size in the as-received state
and at high temperatures. In general, the austenite grains
grow with increasing temperature and time. Moreover,
the carbon content in grades also influences the grain
growth during heating; The grain growth and diffusion
process are thermally activated and related to the liquid
fraction, since liquid provides a much faster diffusion path
than solid; Manson-Whitton et al. [16] stated that the grain
coarsening rate should decrease with increasing liquid frac-
tion because once a continuous liquid path is present
around the solid phase, the energy is used for the increasing

of liquid instead of grain growth. The LSW (Lifshitz, Sly-
ozov and Wagner) analysis, suggested initially by Green-
wood [17] and later developed independently by Lifshitz
and Slyozov [18], and Wagner [19], may not be appropriate
for estimating the grain size because it is a classical theory
for coarsening of a low volume fraction dispersed second
phase. The coarsening of semi-solid alloys with a liquid
fraction can be better described in terms of the migration
of grain boundary liquid films [20] which separate the
grains than by considering diffusion fields around isolated
solid grains (LSW analysis) [16]. In addition, grain coales-
cence is also thought to be an important factor for the
grain growth, as stated by Tzimas and Zavaliangos [21].
When comparing the grain size of C38LTT and 100Cr6
at high temperature with the same heating rate, it is bigger
for 100Cr6 than for C38LTT. In addition, the grain size of
M2 steel is much smaller than that of the other two grades
due to the pinning ability of the carbides [13]. The grain
growth during reheating is important for the thixoforging
process. During thixoforging, large grains cannot flow into
thin sections as easily as those of a finer size. Furthermore,
the mechanical properties of the part will be weakened if
the grain size is larger.

During melting of C38LTT and 100Cr6 by CLSM, it
can be observed that the liquid distribution on the sample
surface is not uniform, as shown in Figs. 5e and 6e. This
phenomenon can result from the flatness of the sample sur-
face or the heterogeneity of the material; it may also result
from the orientation of the grains. Melting is always initi-
ated at solid surfaces, solid/solid interfaces or at associated
defects, since they provide heterogeneous nucleation sites
for the liquid phase. In addition, the melting of different
crystal surfaces occurs at different temperatures, which
has been observed in many experiments [22]. For example,
Frenken et al. [23] and Pluis et al. [24] have found that
{110} surface pre-melts below the thermodynamic equilib-
rium melting point 7y, while the {111} surface may exhibit
non-melting up to and even above T, for some metals.

The microstructure of each grade at high temperature is
not the most classical one for the thixoforging process —
solid spherical grains surrounded by a liquid matrix — but
is composed of equiaxed solid grains with connected liquid
films. These solid grains can become more spherical with
increasing holding time in the semi-solid state, which is
good for the thixoforging process. During heating, the car-
bides dissolved and the alloying elements diffused into the
eutectic liquid, which may have penetrated the grain
boundaries when the local grain boundary energy (yGg)
was twice as great as the solid/liquid surface energy (ysi)
[25]. Then, melting at the sharp asperities of the equiaxed
grains resulted in near-spheroidal grains. However, in
industrial conditions, it is always a compromise between
the forging time and the forging efficiency. Therefore, the
holding time for obtaining more spherical grains is not long
in industrial applications. In addition, some steel parts
have been thixoforged with such microstructures in the
semi-solid state [11,26]. A successful thixoforging process



not only depends on the microstructure in the semi-solid
state but also on the liquid fraction and temperature sensi-
tivity. From the results of CLSM, it can be observed that
the temperature sensitivity of C38LTT and 100Cr6 is high
as compared to that of M2 steel, which brings a difficulty in
temperature control during heating. In general, at a liquid
fraction lower than 30%, the solid skeleton will support the
material’s weight and can be handled like a solid. During a
deformation, the solid skeleton will be broken and the solid
grains can roll or pass over each other while the liquid
phase surrounding them acts as a lubricant. Thus, the
material might behave in a thixotropic way. However,
when the liquid fraction is much lower (<10%), the liquid
films in grain boundaries may not be sufficient for grains
to flow freely against each other, resulting in an unsuccess-
ful thixoforging process. Tzimas and Zavaliangos [27] have
discussed various methods for a precise liquid fraction
evaluation. In this study, the X-ray microtomography has
been performed on M2 steel for evaluating the real 3-D vol-
ume fraction of liquid fraction, directly in the semi-solid
state but also after quenching by measuring the volume
fraction of carbides. The results are very interesting since
it is possible to show the heterogeneity of the volume frac-
tion of liquid in the studied heated billet. As stated in Ref.
[15], considering the resolution of different techniques, the
good agreement between 2-D image analysis (resolution:
I nm) and 3-D X-ray microtomography (1.2 pm) for the
measurement of the liquid fraction provides an opportu-
nity to quantify the liquid fraction when the microstructure
at high temperature can be preserved by quenching. It
means that it will then be possible to investigate the liquid
fraction and the liquid flow in each zone of complex thixo-
forged parts made in M2 steel after quenching. The uncer-
tainty of the X-ray microtomographic results comes not
only from the image analysis, but also the technique itself.
As shown in Table 2, there are three different microstruc-
ture zones in the billet. The uncertainty in these three dif-
ferent zones may vary. The newly formed carbides and
original carbides coexist in Zone B; it is difficult to distin-
guish the original carbides from the newly formed carbides
by X-ray microtomography. However, they could be iden-
tified by SEM with a good resolution. At the same time,
from the SEM micrographs, some newly formed small car-
bides which are different from the original ones in mor-
phology and content could also be observed; they are
probably related to the entrapped liquid in the semi-solid
state. The entrapped liquid in the semi-solid state is usually
observed in extruded or rolled materials, caused by self-
blocking remelting. Since it is a 3-D feature, it can only
be precisely quantified by 3-D techniques. In this work,
some 3-D measurements of entrapped liquid were per-
formed in Zone C, with a volume fraction of ~2.2%. This
entrapped liquid phase is well known not to participate in
the deformation; thus, it contributes to an increase in the
solid fraction. It may not therefore influence the thixofor-
ging process significantly, especially when the entrapped

liquid is released by shearing, which breaks the bonds
between grains (disagglomeration process).

5. Conclusions

In this work, various techniques have been used to inves-
tigate the evolution of the liquid fraction and the micro-
structure of three different steel grades. The HT-CLSM
was first used to observe the microstructure evolution dur-
ing heating from the solid state to the semi-solid state: solid/
solid and solid/liquid transformations, grain growth and
initiation of the liquid phase along grain boundaries. Due
to the initial microstructure, the chemical composition
and the grain size among others, the temperature sensitivity
of these steel grades were different. In particular, the liquid
fraction on the sample surface increased rapidly in a small
temperature range for C38LTT and 100Cr6 steels and it
has been shown that the liquid phase of M2 steel at high
temperature could be preserved, even at low cooling rate,
through newly formed carbides rich in tungsten and molyb-
denum, which means that some quenching experiments can
be used for studying the microstructure at high temperature
for this steel. After being induction-heated and water-
quenched, the microstructure evolution of a billet of M2
steel was therefore investigated using 3-D X-ray microto-
mography. After total reconstruction, several zones were
identified and discussed, with a precise quantification of
the liquid fraction in the semi-solid state. The good agree-
ment with 2-D SEM image analyses proves that the quanti-
fication of the liquid fraction is possible for M2 steel. Both
image analysis and X-ray microtomography can be used in
the future for the investigation of the liquid fraction and the
liquid flow on quenched thixoforged parts, for which the
microstructure at high temperature is preserved. Since the
X-ray microtomography gives access to in situ 3-D mor-
phology of a multiphase sample at high temperature, it will
be very interesting to transform data obtained by X-ray
microtomography into a finite element representation and
to use it to run numerical simulations for investigating the
thixoforging process.
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