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Abstract

Thixoforming of steels poses challenges due to the high temperatures involved and the lack of understanding of thermomechanical 
behavior. The volume fractions of the liquid and solid phases in the semi-solid state are the most important parameters for such a form-
ing process, as they affect the viscosity and hence the flow behavior of the material. Two-dimensional observations might not always be 
sufficient, as the size distribution and the connectivity of phases cannot be obtained from associated measurements, which can only be 
determined by three-dimensional (3-D) investigation. This paper presents the first application of high-energy X-ray microtomography to 
the microstructure of steel in the semi-solid state. The microstructure of M2 high-speed tool steel was studied in both as-received and 
heated-and-quenched states. From the reconstructed images, 3-D information could be obtained and was compared with scanning elec-
tron microscopy and energy dispersive spectrometry observations. The volume fraction and the location of liquid phase in the semi-solid 
state were determined in particular, and the continuous solid skeleton was investigated.

Keywords: Semi-solid steel forming; Thermomechanical behavior; X-ray microtomography

1. Introduction

Semi-solid metal forming processing was first discovered
by Flemings and his group at MIT in the 1970s [1]. As com-
plex parts with high mechanical properties can be formed
in a single forming operation, the thixoforming process –
forming at the semi-solid state by reheating the material
– has been of great interest to engineers and scientists.
Actually, the thixoforming of light alloys such as alumi-
num alloys has already been industrialized [2,3] and the

thixoforming of steels has recently been studied by many
researchers and industries as a potential manufacturing
technology for industrial components [4,5]. During this
process, an appropriate quantity of liquid is required. Fun-
damental knowledge on the formation, location and vol-
ume fraction of liquid during the reheating step is
therefore of great importance. In partially liquid metals,
the liquid fraction and its location, size and shape are
indeed the main concerns because these parameters directly
influence the microstructure development [6] and control
the rheological behavior [7] and forming process [8].

Only under equilibrium conditions can the volume frac-
tionof liquid in the semi-solid state be given for a certain tem-
perature; in other cases, it depends on the previous thermal
history. As for the determination of the volume fraction of
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liquid, various approaches have been applied either by direct
definition of the liquid fraction or by means of the effect on
special physical properties. Tzimas andZavaliangos [9] stud-
ied three of themethods which are used to determine the vol-
ume fraction of liquid as a function of temperature for alloys
in the semi-solid state, namely thermal analysis techniques,
image analysis of samples quenched from the semi-solid state
and thermodynamic data. Meanwhile, the accuracy, advan-
tages and limitations of each method were assessed and rec-
ognized. Puttgen and Bleck [10] carried out extensive DTA
(differential thermal analysis) experiments at various heating
rates to determine the semi-solid area of different steels. The
DTA results were combined with subsequent quenched
microstructure parameters such as grain size, phase distribu-
tion, volume fraction, shape factor, matrix character etc.
Omar et al. [11] performedDTAand partial remelting exper-
iments on a high-performance HP9/4/30 steel, which is diffi-
cult to manufacture through conventional processes. The
results of liquid fraction as a function of temperature
obtained by differential thermal analysis and image analysis
on the samples quenched from semi-solid were compared
and discussed. They observed that liquation occurred ini-
tially at grain boundaries, then along the segregation bands.
Omar et al. [12] studied the microstructures and phases of
as-annealed M2 high-speed tool steel in the as-received
condition and in the semi-solid state. The role of carbide dis-
solution in the grain boundary liquation of the steel was
described and led to the production of a microstructure suit-
able for the thixoforming process. The above-mentioned
microstructure observation and liquid fraction calculation
were studied on two-dimensional (2-D) metallographic sec-
tions obtained after quenching the sample from the semi-
solid state; the 2-D image analysis may not give a complete
image of the structure and can sometimes lead to invalid con-
clusions. Thus, three-dimensional (3-D) analysis is required.
Rowenhorst et al. [13] used serial sectioning to observe the
distribution of particle–particle contacts in semi-solid Sn–
Pb alloys at various liquid fractions. Compared to the serial
sectioning, X-raymicrotomography, a non-destructive tech-
nique, offers a possibility to retrieve 3-D information from a
given specimen. Maire et al. [14] presented the feasibility of
obtaining the total liquid volume fraction, the volume distri-
bution, themorphology of entrapped liquid and its 3-D loca-
tion, for aluminium alloy A357 samples quenched from the
semi-solid state. Limodin et al. [15] investigated the overall
and local microstructural changes occurring during partial
remelting of an Al–15.8 wt.% Cu alloy by in situ X-ray mic-
rotomography. However, such experiments have never been
performed on steel grades.

The objective of this paper is to show that the 3-D and
2-D investigations of the microstructure of the M2 steel can
provide useful information about the thixoforming process
regarding the liquid zones in the semi-solid state. In the
present work, two different states of M2 steel are investi-
gated: as-received and quenched material from the semi-
solid state. The instrumental device and the experimental
procedure are described and the microstructure evolution

after quenching from the semi-solid state is analysed and
discussed. By comparing the results obtained by various
techniques, the former liquid zones are finally well identi-
fied and quantified.

2. Material and methods

2.1. Material

The M2 high-speed steel used was produced by hot roll-
ing at a temperature of around 1100 �C. After quenching, it
was then annealed three times for 1 h at 540 �C. This steel
was selected because it has a reasonably large freezing
range (more than 40 �C) compared to other steel grades.
Moreover, its high content of alloying elements leads to a
relatively low solidus temperature and is very important
for 3-D observation using X-ray microtomography (phase
contrast mode): especially the tungsten and molybdenum
elements because of their high difference in X-ray absorp-
tion compared to iron. The chemical composition of M2
steel is given in Table 1.

2.2. Methods

X-ray microtomography experiments were carried out at
room temperature on the high-energy ID15A beamline at
the ESRF (European Synchrotron Radiation Facility) in
Grenoble, France, where the X-ray energy ranges from
50 to 100 keV. For that purpose, a rolled bar 38 mm in
diameter was first induction-heated into the semi-solid
state and water-quenched, and then several samples
1.2 mm in diameter were taken from this bar using electro-
discharge machining. In addition, the microstructure char-
acterization in 2-D was performed using an optical
microscope and a Jeol 7001FLV scanning electron micro-
scope (SEM). Energy dispersive spectrometry (EDS) anal-
yses were finally done with an Oxford INCA System to
study the distribution of the different alloying elements.
All samples observed in 2-D were etched using 2% Nital
(2 ml HNO3 + 98 ml ethanol).

2.3. Induction heating process

The rolled bar was induction-heated by a direct remelt-
ing route, that is, heating the slugs from the as-received
condition directly to semi-solid state. In order to study
the microstructure evolution, the M2 slug was partially
heated to the semi-solid state: some zones were in the
semi-solid state at high temperature while others remained
100% solid, similar to the as-received state. The tempera-
ture of the semi-solid zone was measured by a pyrometer.
After 100 s of heating time, the slug reached 1250 �C

Table 1

Chemical composition of the M2 steel grade.

wt.% C Mn Mo Si Cr V W

M2 0.85 0.25 5.0 0.035 4.1 1.9 6.4



(�20% of liquid phase) and was directly quenched into a
water tank without any holding time to freeze the micro-
structure presented in the semi-solid state and prevent the
diffusion of alloy elements in the steel. The schematic view
of the set-up for the induction heating experiment is shown
in Fig. 1. During the induction heating process, the slug
was partially inserted into the induction coil with a part sit-
ting on a ceramic holder, to ensure the coexistence of solid
and semi-solid states. As illustrated in Fig. 2, due to the
effect of penetration depth, a typical bell-shaped tempera-
ture profile was therefore obtained: temperature decreased
with decreasing radius and height. The bottom of the slug
was slightly colder due to a deficit of heat source in this
area: it remained in the solid state during induction heat-
ing. Therefore, the temperature in zone B was below the
solidus temperature, which will enable us to compare both
solid and semi-solid states.

2.4. X-ray microtomography experiments

Samples were electrodischarge-machined from the
quenched bar for the microtomography experiments. In
these experiments, each sample was mounted on transla-
tion and rotation stages in order to achieve a good align-
ment with the X-ray beam before the measurement and a
360� rotation for 3-D observation. In the tests, a 15 lm
thick LuAG:Ce scintillator was used to convert the X-ray
light into visible light. The incident X-ray beam was direc-
ted 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 an expo-
sure time of �25 ms. The effective pixel size was �1.2 lm
and 3600 projections were captured. The slices were then
reconstructed and the different volumes obtained were pro-
cessed and analyzed with the image analysis software,
ImageJ.

3. Results

3.1. Material in the initial state

The scanning electron micrographs of the as-received
M2 high-speed tool steel obtained on transverse and longi-
tudinal sections are presented in Fig. 3a–c. Fig. 3c is a
close-up of the area outlined in Fig. 3b. In addition,
Fig. 4 illustrates the EDS results of carbides marked in
Fig. 3c. The average grain size is �10 lm and the carbide
particles are distributed along the grain boundaries and
in the matrix. The longitudinal surface (shown in Fig. 3b)
bears evidence of microsegregation banding along the lon-
gitudinal direction of the slug. Two different types of car-
bides present in the material were confirmed by EDS
analyses (shown in Fig. 4): the whiter particles are M6C-
type carbides, rich in tungsten and molybdenum, while
the darker ones are MC-type carbides rich in vanadium,
tungsten and molybdenum. Table 2 shows the chemical
composition (wt.%) of these two types of carbides.
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Fig. 1. Schematic view of (a) the set-up for induction heating experiments and (b) the position of samples for X-ray microtomography.
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High-energy X-ray microtomography experiments were
also carried out using as-received samples. Thanks to the
high content of heavy alloying elements, a good contrast
between the matrix and carbides could be obtained.
Fig. 5 shows two tomographic slices and a reconstructed
stack of a cylindrical sample of as-received M2 steel. The
carbide particles are present as white zones in all images;
they are relatively small – a few micrometers – and are
observed to be either isolated or distributed in bands. This
is in good agreement with the SEM and EDS observations.

(a)

(c)

(b)

MC

M6C

Fig. 3. SEM micrographs of as-received M2 steel on (a) cross-sectional surface and (b) longitudinal surface. (b) Shows the carbide segregation caused by

forging. (c) Is a close-up of the area outlined in (b) with two kinds of carbide: M6C and MC.

SEM Image V W

Fe Mo

MC

M6C

Fig. 4. SEM-EDS mapping of as-received M2 steel.

Table 2

The characteristic chemical compositions of the large and fine carbides.

Elements Carbide (wt.%)

V Cr Fe Mo W

Whiter particles 3.65 2.88 30.4 24.87 38.29

2.55 3.19 34.2 22.37 37.69

3.05 3.04 32.22 25.35 36.34

Darker particles 34.72 4.76 9.3 23.98 27.25

32.7 4.61 10.43 23.67 28.6

35.32 5.06 10.06 20.72 28.88



3.2. Microstructure of material quenched from the semi-solid

state

Once directly induction-heated from its as-received state
to the semi-solid state, the slug was then quenched to freeze
the microstructure present in the semi-solid state. Micro-
graphs of the quenched slug are shown in Fig. 6.

It is observed that M2 now exhibits equiaxed grains
40 lm in average grain size on the transverse section, and
elongated grains on the longitudinal section with an aver-
age grain size of 40 lm � 65 lm. One can also note that
grain boundaries in transverse section and new carbides
along grain boundaries in longitudinal section can form
some interconnected networks. Two kinds of carbides with
a high content of tungsten, molybdenum and vanadium

surrounding the grains were detected by EDS analyses
(Fig. 7): large MC-type carbides which are rich in tungsten,
molybdenum and vanadium, as well as finer tungsten–
molybdenum-rich M6C-type carbides. There were no such
elements remaining inside the grains compared to the as-
received state: they were now concentrated in the grain
boundaries. The microstructure differs from the one in
the as-received state in grain size, distribution of carbides
and morphology.

X-ray microtomography images were successively
recorded in parallel after quenching at room temperature.
Two reconstructed slices representing the transverse and
longitudinal sections of partial remelted sample are pre-
sented in Fig. 8a and b, respectively. When compared to
the SEM micrographs, the similarities of the structures
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Fig. 5. X-ray microtomographic results of as-received M2 steel. Carbides are shown as white zones in (a) transverse section, (b) longitudinal section and

(c) reconstructed 3-D stack.
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Fig. 6. SEM micrographs of the M2 steel quenched from semi-solid state. (a) Transverse and (b) longitudinal directions. (c) Is a close-up of the area

outlined in (b) and shows two kinds of carbide. FL: former liquid phase; EL: entrapped liquid; S: solid phase.



are very clear. It is well observed that the material evolves
dramatically during partial remelting. Compared to the
original carbide particles, the morphology of these
reformed carbides is different in both their dimensions
and localization. During induction heating, as the temper-
ature rises, alloying elements, such as vanadium, tungsten
and molybdenum among others, diffuse to the liquid zones
where the solubility is higher. These liquid zones, prefera-
bly developing from the grain boundaries, appear very
clearly after quenching because of their high content in
alloying elements. They form new interconnected carbide
networks that make the definition of the new grain size
obvious. It can be conjectured that M2 steel exhibits a
microstructure combining both solid and liquid phases
before quenching.

As the agreement between 2-D SEM observations and
X-ray microtomography results is good, the real volume
fraction of liquid can be obtained by the image analyses
on reconstructed stacks as shown in Fig. 9; the connected
carbide networks are white zones.

With the image processing software ImageJ, the total
volume fraction of carbides as a function of height and
diameter of samples taken from the initial slug are shown
in Fig. 10. First, it can be seen that the fraction of carbides
increases with height and radius, Fig. 10a and b, but at dif-
ferent rates. As illustrated in Fig. 10a, for sample 1, this
fraction remains stable from the bottom up to the height
of 12 mm, around 11 ± 1%. Then, it grows rapidly from
11 ± 1% to 15 ± 1% from 12 mm to 17 mm in height,
and seems to remain constant until 24 mm in height.
Finally, it increases until reaching the value of 21 ± 1%.
The evolution of carbide fraction in sample 2 and in sample
3 is quite similar to that of sample 1, but with a discrepancy
of �10 mm and 14 mm in height, respectively. The
expected bell-shaped profile is here confirmed. Moreover,
at the same height (>23 mm), the fractions of carbides in
sample 3 are smaller than those in sample 2 by 2%. In
Fig. 10b, the fraction in sample 4 increases with radius,
while the one of sample 6 remains relatively constant.
For sample 5, it increases to 14 ± 1% after remaining at

Fig. 7. SEM-EDS mapping of the M2 quenched from the semi-solid state.

(a) (b)

FL

EL

EL

FL

P

Fig. 8. 2-D reconstructions of partial remelted and quenched sample 1. (a) Transverse and (b) longitudinal sections. FL: former liquid phase; EL:

entrapped liquid; P: porosity.



11 ± 1% from the core until the radius of 11 mm. In addi-
tion, for the same radius, the fraction of carbides increases
with height in these three samples.

Furthermore, as illustrated in Fig. 10a, the zones with a
fraction of carbides of 11 ± 1% in samples 1, 2 and 3 exhi-
bit the kind of carbides seen in Fig. 3, while the ones with a
fraction of carbides more than 13 ± 1% show the newly
formed carbides during quenching from liquid state as pre-
sented in Fig. 6. Finally, initial carbides and new ones coex-
ist in the zones with a fraction of carbides between 11 ± 1%
and 13 ± 1%.

The microstructures of sample 1 at different heights are
presented in Fig. 11. Figures marked with an S are SEM
micrographs while the ones marked with a T come from
X-ray microtomography images. As shown in these images,
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Fig. 9. 3-D representation of M2 steel in partial remelted and quenched

state. Volume = 0.6 mm � 0.6 mm � 0.16 mm.

Fig. 10. Volume fraction of liquid as a function of the height of partial remelted and quenched M2 steel.



the microstructure changes in grain size and morphology
depending on the standoff distance. The greater the height,
the higher the temperature. At 5 mm from the bottom, the
obtained microstructure is similar to the one observed in
the as-received material: the majority of the carbide parti-
cles have the same dimensions and are still distributed in
the matrix and bands.

With increasing temperature, most of the original car-
bide particles are dissolved and the alloying elements in
carbides along the microsegregation bands start diffusing
to the liquid zones; new carbides are being created at the
grain boundaries after quenching, as illustrated by the
microstructure at the height of 15 mm. At the same time,
the grains are growing. Then, higher in the sample, for
instance at the height of 20 mm, the process is enhanced
with the development of still larger interconnected liquid
zones and grains. Finally, at the heights of 25 mm and
30 mm, the original carbides are completely dissolved, with
the diffusion of the alloying elements to the liquid zones,
forming very large new carbides after quenching because
the fraction of liquid is �21%. Small carbides can also be
present inside the grains, corresponding to the entrapped
liquid zones at high temperature which represent �7% of
total liquid, using image analysis. In addition, the SEM
micrographs and X-ray microtomography results are in

quite good agreement, when taking into account the reso-
lution of the two techniques.

4. Discussion

In this study, two states of M2 steel have been investi-
gated: as-received state and quenched from the semi-solid
state.

4.1. Material in the as-received state

Concerning the initial as-received state, microsegrega-
tion bands parallel to the rolling direction are observed.
They are typical for most commercially produced high-
speed tool steels such as M2 grade, which contain a high
amount of slowly diffusing elements [11]. When comparing
the SEM micrographs (Fig. 3) and X-ray microtomogra-
phy slices (Fig. 5), the correspondence is good; some very
small differences in grain size and carbide distribution
can be observed, which may result from the 3 lm resolu-
tion of X-ray microtomography. As seen in Fig. 3, the size
of many carbide particles is smaller than 1 lm, which
makes them impossible to distinguish with the lower reso-
lution of X-ray microtomography. Moreover, when the
distance between several isolated carbide particles is less

S(a)

T(a)

S(b)

T(b)

S(c)

T(c)

H = 30mm H = 25mm H = 20mm

H = 15mm
S(d)

T(d)

H = 12mm
S(e)

T(e)

S(f)

T(f)

H = 5mm

Fig. 11. SEM micrographs and X-ray microtomography slices observed at different heights in sample 1.



than 3 lm, they will probably be considered only as one
large particle. In any case, the global isolated carbide
particles and the segregation bands can be observed in
the X-ray microtomography results. With ImageJ, the vol-
ume fraction of carbides in the as-received state is 11 ± 1%,
with a relatively homogeneous distribution.

4.2. Material in semi-solid state after quenching

In the micrographic study of M2 steel, the partially
remelted and quenched material exhibits a microstructure
that is different from the as-received material in morphol-
ogy, grain size and carbide distribution. The grains are
40 lm in size compared to 10 lm in the as-received state,
and surrounded with large carbides which correspond to
the former liquid zones at high temperature, as shown in
Fig. 6. Puttgen et al. [16] stated that with longer holding
times, the average diameter of the grain increases steadily
due to the ripening process, which results in a decreasing
contiguity at high temperature. It is also found that a rise
in partial remelting temperature will increase the grain
sphericity level for AISI M2 [12] and for XW-42 [17]. In
the present study, we have mainly focused on the semi-solid
with a low volume fraction of liquid (Fl < 20%). The shape
of grains is not perfectly spherical due to the high heating
rate and the absence of holding time.

As shown in Fig. 2, the typical bell-shaped temperature
profile marks the boundary between the semi-solid zone
(zone A) and pure solid ones (zone B). Thereby the initial
carbides are shown in zone B with a fraction of 11 ± 1%.
When they reach the solidus temperature, alloying elements
in the original carbide MC first diffuse into the liquid zone
and form large new carbides when quenched as presented
in Fig. 12: microstructure of sample 1 at the height of
14 mm. With increasing temperature above the melting
point of M6C, all original carbides at the grain boundary
are dissolved and new carbides are created during the fol-
lowing quenching process as shown in Fig. 11S(d). As the
temperature increases with height, the diffusion process is

enhanced with the development of interconnected liquid
zones in higher positions. Small carbides are also observed
inside the grains, corresponding to the entrapped liquid
zones at high temperature. This is due to the high heating
speed and the short holding time that prevent all the alloy-
ing elements from diffusing completely to the liquid zones.
Here, due to the resolution of X-ray tomography, few car-
bides allocated in grains are detected when comparing the
images presented in Fig. 11 obtained by two techniques.
Thus, based on the X-ray microtomography results, the
fraction of carbides over 13 ± 1% is considered to be the
real liquid fraction.

Since sample 6 was taken from zone B (solid state), the
fraction of carbides is relatively constant, which means that
the distribution of original carbides is homogeneous.
Indeed, the temperature distribution in the radial direction
is similar to that in the axial direction: temperature
increases with increasing radius, the evolution of micro-
structure in the radial direction is similar to that in the axial
direction. Fractions of carbides of sample 4 and 5 in zone A
(semi-solid state) increase with the radius, with higher val-
ues on the surface than in the core of the slug. Meanwhile,
temperature is also height-dependent: the higher the posi-
tion, the higher the temperature. For the same position,
fractions of carbides of different samples are compared in
Table 3. By comparing these values, the axisymmetrical
temperature field in the heated bar is confirmed.

When comparing the grain size at various heights, it is
noted that the grains stop growing when large connected
liquid bands are formed, which may be related to the car-
bide pinning of grain boundaries [12]. There is a significant
grain growth during reheating when comparing the grain
size of the as-received state and of quenched from the
semi-solid state. In general, the grain grows with increasing
temperature and holding time. It is important to study the
grain growth during reheating, as large grains cannot flow
into thin sections as easily as those of a finer size. Further-
more, the mechanical properties of the part will be weak-
ened if the grain size is larger. One explanation for the
grain growth was proposed by Omar et al. [18]: the grain
growth and diffusion process are thermally activated. They
are also related to the liquid fraction, because liquid pro-
vides a much faster diffusion path than solid, and once a
continuous liquid path is present around the solid phase,
coarsening can accelerate, which results in the grain
growth. In addition, grain coalescence is also thought to
be an important factor to the grain growth, as stated by
Tzimas and Zavaliangos [19].

The obtained microstructure at high temperature is not
exactly the most typical one for thixoforming – solid spher-
ical grains surrounded by a liquid matrix – but the semi-
solid zone with a liquid fraction ranging from 16% to
20% interconnected at the grain boundaries makes it suit-
able for thixoforming, as discussed below.

First, although there is a significant grain growth from
the as-received state, the grains are relatively equiaxial with
a final grain size around only 40 lm. Then, the billetFig. 12. Microstructure of sample 1 at the height of 14 mm.



contains low liquid fraction in the semi-solid zone (15–25%)
mainly developed from the grain boundaries. The advanta-
ges of such a microstructure have been introduced in Ref.
[20]. Some M2 [21] and C38 [22] steels have been success-
fully thixoformed with such a liquid fraction. Finally, as
shown in Fig. 11S(d), the microstructure at a height of
15 mm in sample 1 exhibits thin liquid films formed at grain
boundaries, which may not be sufficient for grains to flow
freely against each other. With the increasing height, the
temperature increases too. The liquid films thicken with
increasing temperature, as shown in Fig. 11S(a) and S(b).
They will result in a reduction of solid skeleton consistency,
which may be easier to fracture during thixoforming. Thus,
these microstructures might behave in a thixotropic way,
flowing when stressed and thickening under normal condi-
tions. In our future work, it will be necessary to study the
load–displacement curves of thixoforging process in order
to better understand the relationship between the micro-
structure and the behaviour of the steel.

5. Conclusion

After being induction-heated and water-quenched, the
microstructure evolution of an M2 steel was monitored
and examined with various 2-D and 3-D techniques. While
the as-received material showed microsegregation bands in
longitudinal section and homogeneously distributed small
carbides in transverse section, with MC-type and M6C-type
carbides identified by EDS analyses, the partially remelted
material exhibited a different microstructure. The grains
were bigger, and the solid phase was surrounded with the
new large carbides formed during quenching, which corre-
sponded to the former liquid zones at high temperature.
During heating, most of the liquid appeared in the micro-
segregation bands that can form interconnected networks.
All this leads to the conclusion that the microstructures
obtained at high temperature are suited to the thixoform-
ing process, owing to the good liquid fraction (15–20%)
and the interconnected networks.

Furthermore, the good agreement between 2-D SEM-
EDS microstructures and 3-D X-ray microtomography
results proves that both kinds of techniques are just as effi-
cient in characterizing high-alloyed steels in the semi-solid

state. This last point is of great importance because even
though high-energy X-ray microtomography has proven
to be a powerful tool, it is not as easy to use, nor as ubiq-
uitous, as SEM and EDS techniques that are more readily
accessible in laboratories and actually just as well-adapted
for this kind of analysis.
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Table 3

Fractions of carbides in various positions.

Height (mm) Radius (mm) Fraction of carbides (%)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

29 18 19.7 19.6

29 9 16.62 16.11

15 18 12.83 12.90

15 9 10.97 11.66

15 1 10.89 10.45

1 18 11.3 10.56

1 9 11.54 10.94

1 1 11.11 10.64
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