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The microstructure and mechanical properties of hypereutectic Ai-Si alloys prepared by serpentine channel
with spoiler were investigated. The flow state of the melt during the slurry preparation by the serpentine
channel was simulated. The Al-Si alloy with the spoiler was superior to that without the spoiler at identical
pouring conditions. The microstructure of the hypereutectic Ai-Si alloy was composed of the primary Si and
Al-Si eutectic phases. The flow direction of the alloy slurry was disorganized because of the stirring effect of
the spoiler, which improved the nuclei exfoliation and spherical growth of the primary Si. The spoiler
refined the primary Si grains, and enhanced the mechanical properties of the Al-Si alloy. As the pouring
temperature decreased from 746 to 701 �C, the size of the primary Si grains gradually decreased, and the
tensile strength of the Al-Si alloy increased. The equivalent diameter of the primary Si grains could be
reduced to 21.2 lm, and the tensile strength could be increased to 298 MPa under a pouring temperature of
701 �C.
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1. Introduction

The hypereutectic Al-Si alloy has been widely used for
making heat-resistant parts such as engine blocks and automo-
bile pistons due to its excellent mechanical properties, corro-
sion resistance and high strength-to-weight ratio (Ref 1–3). The
as-cast microstructure of the hypereutectic Al-Si alloy is
composed of primary Si and eutectic phase, and the size and
morphology of the primary Si dominate the mechanical
properties of the hypereutectic Al-Si alloy (Ref 4). The primary
Si always shows polygonal or lath shape during solidification
for the hypereutectic Al-Si alloy prepared by the conventional
casting process, and its equivalent diameter is even larger than
150 lm (Ref 5). These large-size primary Si grains with an
irregular shape will be detrimental to the mechanical properties
of the hypereutectic Al-Si alloy (Ref 6, 7). Therefore, the
refinement of primary Si grains in the hypereutectic Al-Si alloy
has been a constant topic of interest.

The semi-solid process has been considered as a potential
processing technique. So far, the primary Si grains in the semi-

solid slurry have been refined by a variety of methods, such as
the elemental modification (Ref 2, 8), electromagnetic stirring
(Ref 9, 10), wavelike sloping plate rheocasting (Ref 11), and
cooling slope casting (Ref 12, 13). The phosphorus modifier
increased the nucleation rate of the primary Si, and refined its
grains in the hypereutectic Al-Si alloy (Ref 8). It is worth
noting that the alloy composition was changed by the modifier,
and the mechanical properties of the alloy needed to be
reassessed. The primary Si grains were refined by the
electromagnetic stirring technology because of the mechanical
interaction between the primary Si and the surrounding molten
metals (Ref 9). The primary phase in Ai-Si-Mg alloy could be
effectively refined by the cooling slope casting because a high
undercooling increased the nucleation rate of the primary phase
in the alloy slurry (Ref 12). However, the above methods often
employed a single pathway to refine the primary Si grains, and
the refining performance was limited.

Serpentine channel has been proposed to refine the primary
phase in the Al-Si alloy (Ref 14, 15). Serpentine channel inner
wall had the cooling and stirring effects on the Al-Si alloy melt
during the pouring process, which increased the nucleation rate
of the primary Si in the Al-Si alloy melt (Ref 16). Thus, the
serpentine channel pouring was an effective approach for the
refinement of the primary Si in the hypereutectic Al-Si alloy.
Compared to the graphite channel, the copper channel exhibited
an excellent grain refining ability due to its high thermal
conductivity (Ref 18). The pouring temperature also played a
vital role in the size and morphology of the primary Si grains in
the hypereutectic Al-Si alloy slurry (Ref 19). The equivalent
diameter of the primary Si grains in the Al-20 wt.% Si alloy
decreased from 34 to 25 lm by increasing the number of
channel curves (Ref 17). However, the refining performance of
the serpentine channel on the primary Si grains was still limited
by its smooth inner wall. Fortunately, the turbulent flow, which
was generated by wavelike sloping plate, resulted in massive
fracture of the primary Si grains in the Al-Si alloy melt (Ref
11). It will be interesting to investigate the effect of this
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wavelike protrusion on the primary Si in the hypereutectic Al-
Si alloy prepared by the serpentine channel.

In the present work, a novel structure of serpentine channel
with spoilers is proposed to refine the primary Si grains in the
hypereutectic Al-Si alloy slurry. The aim of the present work is
to verify the feasibility of this structure by analyzing the
microstructure and mechanical properties of the Al-Si alloy. To
do this, the pouring temperature was experimentally optimized.
The favorable effect of the spoiler on the size of the primary Si
grains was investigated by comparing the Al-Si alloy prepared
with and without spoiler. With help of the microstructural
characterization and finite element analysis, the refinement
mechanism of the primary Si was discussed in consideration of
the stirring effect of the spoilers on the Al-Si semi-solid alloy
slurry.

2. Materials and Methods

The Al-20%Si alloy in this study was prepared using an Al-
50%Si master alloy (50%, all compositions quoted in this work
were in wt.%) and pure aluminium (purity: 99.9%) in a
resistance furnace, and its chemical composition is shown in
Table 1. The liquidus and solidus temperatures of the Al-20%Si
alloy were 690.8 and 480.2 �C, respectively, as measured by
differential scanning calorimetry (Fig. 1). A cylindrical steel
(Q235) crucible was used to collect the alloy slurry in the
furnace, of which the dimension was U80 9 120 mm with a
thickness of 5 mm. The slurry temperature was monitored by
using a K-type thermocouple with an accuracy of ± 0.1 �C. In
order to ensure the same cooling rate, each cast ingot was
weighed to be 2.0 ± 0.1 kg.

Figure 2 presents the integral structure of the serpentine
channel with the spoilers, which is composed of four-curve
copper channel. The materials of both the serpentine channel
and the spoilers were pure copper. Half-cylindrical serpentine
channel with a diameter of 30 mm, of which every segment
was 106 mm long with 90� included angle and 30 mm
curvature radius at the bends, was machined in the middle of
a copper plate of 406 9 180 9 30 mm, and the other half was
machined in the same dimensions. The projection of the spoiler
with a tilt angle of 60� was a bow shape, of which the radius
was 15 mm with a center angle of 120�. The spoilers were
installed on the inner wall of the serpentine channel through
pins, and the installation positions of the spoilers were located
at the trisection point between two adjacent bends. Firstly, the
Al-Si alloy melt in graphite crucible was heated to 800-820 �C
by an electrical resistance furnace, which was about 60 �C
higher than the highest pouring temperature. Then, the slurry
was stirred and cooled to the chosen pouring temperature. The
slurry pouring temperature was set at 761 �C (Alloy O), 746 �C
(Alloy I), 731 �C (Alloy II), 716 �C (Alloy III), 701 �C (Alloy
IV) and 686 �C (Alloy V), respectively. Secondly, the slurry
was poured through the serpentine channel with the spoilers,
and then dumped into a collection crucible. Finally, the slurry
was rapidly quenched in cold water to reserve the semisolid
slurry microstructure. For comparison, the Al-Si alloy slurry
was poured directly into the collection crucible and through the
serpentine channel without the spoilers at 701 �C, respectively.

The specimens for microstructure examination and tensile
tests were prepared by wire cutting across the quenched alloy.
After grinding and polishing, the specimens were etched with a
C2H5OH-0.5% HF reagent for 20 s to reveal the microstructure
of the specimens. The alloy was characterized by using an x-ray
diffractometer (Smart Lab) at a stepwise of 0.1�, and the phases
of the alloy were identified by Jade5.0 software. The
microstructural examination was made using a Neuphoto21
optical microscope. The equivalent diameters of the primary Si
grains were calculated using an image-analysis software (Image

Table 1 Chemical compositions of the Al-20%Si used in
this study (wt.%)

Si Mg Cu Mn Cr Zn Fe Ni Al

20.23 0.52 3.19 0.01 0.02 0.02 0.15 0.01 Bal.

Fig. 1 DSC curve of Al-20%Si alloy obtained during solidification
process

Fig. 2 Schematic diagram of the copper serpentine channel with
the spoilers. � Melting crucible, ` Pouring cup, ´ Copper mold, ˆ
Serpentine channel, ˜ Spoiler, Þ Collection crucible, þ Cooling
box, ¼ Thermocouple, ½ Cooling water
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Pro Plus). The shape coefficient Fs of the primary Si grains was
calculated using Eq 1 (Ref 16):

Fs ¼
N

PN
i¼1

P2
i

4pAi

ðEq 1Þ

where A, N, and P was the equivalent area, the number and the
perimeter of the primary Si grains in one view, respectively.

To obtain a statistical average of the equivalent diameter and
shape coefficient of the primary Si grains, three samples were
taken along the radial direction of the cast ingot, and three
views were randomly selected from each sample. Tensile tests
were implemented at room temperature using a testing machine
(Zwick/Roell Z020) at a loading rate of 0.2 mm/min. The
ultimate tensile strength was obtained directly from the stress-
strain curve, and calculated from the mean of three tests.

The ANSYS Fluent 19.2 software was employed to simulate
the fluid flow of the alloy slurry in the serpentine channel. The
materials of the channel wall and slurry selected during
simulation were pure copper and Al, respectively. At the inlet
of the channel, the pouring temperature of the slurry was set as
701 �C, and the velocity was set as 10 m/s. The outlet of the
channel was exposed to atmosphere. The fluid flow in the
serpentine channel was assumed as the turbulent flow according
to the Reynolds number. The Reynolds number was defined
using Eq 2 (Ref 20, 21):

Re ¼
qUL
l

ðEq 2Þ

where U was the velocity at the inlet, L was the hydraulic
diameter which represented the serpentine channel diameter, q
was the density of the slurry (2.38 g/mm3), and l represented
the viscosity coefficient of the slurry.

3. Results

3.1 Microstructure and Mechanical Properties
of the Semi-Solid Al-20%Si Alloy

Figure 3(a) depicts the typical microstructure of the semi-
solid Al-20%Si alloy slurry poured directly into the collection
crucible at 701 �C. The microstructure was composed of an
irregular eutectic structure containing the primary phase and

eutectic phase. With the help of XRD analysis in Fig. 3(b), the
primary phase matched the Si grains, and the dendritic phase
corresponded to Al-Si eutectic phase. The primary Si grains in
the solidified Al-20%Si alloy exhibited a plate-like shape, and
the average shape coefficient is 0.63. The solidification mode of
the Al-Si eutectic phase was dendrite growth surrounding the
primary Si grains, as shown in Fig. 3(a). The average
equivalent diameter of the primary Si grains was 82.6 lm,
and the maximum diameter of the primary Si grain approached
to 150 lm.

In order to study the effect of the spoilers on the
microstructure of the Al-20%Si alloy, a set of comparative
tests were carried out under identical conditions. Figure 4(a)
shows the microstructure of the semi-solid Al-20%Si alloy
slurry fabricated by the serpentine channel without the spoilers.
The primary Si grains distributed uniformly in the alloy
microstructure. The average equivalent diameter of these
primary Si grains is 24.8 lm, which is less than that of the
traditional solidified Al-20%Si alloy in Fig. 3(a). Plenty of
elliptical primary Si grains were formed in the Al-Si alloy
slurry, and the average shape coefficient of the primary Si is
0.81. When the spoilers were applied to the serpentine channel,
a large number of fine primary Si grains appeared in the Al-
20%Si alloy slurry microstructure (Fig. 4b). The size of the
primary Si grains further decreased compared to that prepared
without the spoilers, and the average equivalent diameter of the
primary Si grains is 21.2 lm. The morphology of the primary
Si grains in the semi-solid slurry was mainly in an elliptic shape
by introducing the spoilers. Nevertheless, the distribution
uniformity of the primary Si grains seemed unchangeable
compared to that prepared without the spoilers.

The tensile stress-strain curves of the Al-20%Si alloy
prepared by the serpentine channel with/without the spoilers
under the pouring temperature of 701 �C are shown in Fig. 5.
Both curves went through an initial elastic deformation, and
following with a rapid stress drop. It could be found that plastic
elongation rate of > 9% was obtained before the rapid stress
drop, suggesting ductile nature of the alloy. Compared to the
alloy without the spoilers, the plastic elongation rate of the
alloy with the spoilers tended to enlarge. The tensile strength,
corresponding to the ultimate stress, was directly determined
from the stress-strain curves. The tensile strength of the alloy
with the spoilers was 298 MPa, which was higher than
255 MPa for the alloy prepared without the spoilers.

Fig. 3 (a) Microstructure of traditional solidified Al-20%Si alloy poured at 701 �C, (b) XRD pattern taken from the Al-20 %Si alloy
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3.2 Effect of Pouring Temperature on the Microstructure
and Mechanical Properties

To optimize the pouring temperature, it was necessary to
investigate the effect of the pouring temperature on the size of
the primary Si grains. In this study, six different temperatures
were applied in the pouring process of the Al-20%Si alloy

slurry. The outlet temperatures and the weight of the solidified
shells of the Al-Si alloy slurry prepared under different pouring
temperatures are shown in Table 2. The outlet temperature of
the alloy slurry under the pouring temperature of 761 �C was
696 �C, which was higher than the liquidus temperature of the
alloy. In this case, the alloy slurry in the serpentine channel was
liquid. The outlet temperatures of the alloy slurry under the
pouring temperature of 701-746 �C lay between the solidus and
the liquidus temperatures of the Al-20%Si alloy. However, the
outlet temperature of the alloy slurry under the pouring
temperature of 686 �C was not measured because the serpen-
tine channel was blocked by the slurry. The solidified shell
weight of the slurry increased gradually when the pouring
temperature decreased. This result indicated that the pouring
temperature had an important effect on the solidified shell
formed in the serpentine channel.

The microstructure of the semi-solid Al-20%Si alloy slurry,
corresponding to four different pouring temperatures, is shown
in Fig. 6(a), (b), (c) and (d). The as-solidified microstructure of
all the Al-Si alloy specimens was composed of two types of
phases, i.e., the dendritic Al-Si eutectic phase and the granular
primary Si phase. Most of the primary Si grains showed a
coarse polygonal or lath-like shape when the pouring temper-
ature was under a range of 731-746 �C, as shown in Fig. 6(a)
and (b). As the pouring temperature decreased to 716 �C, the
number of fine granular primary Si grains increased, as shown
in Fig. 6(c). Figure 6(d) shows that the fine granular grains
dominated the primary Si phase. The size of the primary Si
grains decreased gradually with decreasing the pouring tem-
peratures. The equivalent diameter of the primary Si was
measured, and the corresponding statistical data are plotted in
Fig. 7. For the alloy I and II, the proportion of the primary Si in
the diameter range of 20-40 lm exceeded 50%. However, the
diameter of the primary Si in the alloy III and IV mainly lay in
the range of 10-30 lm.

Plotting the average equivalent diameter and the shape
coefficient to the pouring temperature, could be established, as
shown in Fig. 8(a). The error bars in the graphs were the
variances of the equivalent diameters and the shape coefficients
measured in different views. As the pouring temperature
decreased from 746 to 701 �C, the average equivalent diameter
decreased from 40.6 to 21.2 lm, and the shape coefficient

Fig. 4 Microstructure of the Al-20%Si alloy prepared by the serpentine channel under the pouring temperature of 701 �C, (a) without the
spoilers, (b) with the spoilers

Fig. 5 Tensile stress-strain curves of the Al-20%Si alloy prepared
by the serpentine channel with and without the spoilers under the
pouring temperature of 701 �C

Table 2 The outlet temperature and solidified shell
weight of the Al-20%Si slurry under different pouring
temperatures

Pouring
temperature, �C

Outlet
temperature, �C

Weight of solidified
shell, g

761 696 26.8
746 678 45.3
731 666 63.2
716 650 76.4
701 637 101.6
686 … 249.2
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increased from 0.73 to 0.83. Tensile tests were carried out to
evaluate the effect of the pouring temperature on the mechan-
ical properties of the Al-20%Si alloy slurry. The average peak
load of the three replicates for the alloy prepared at the same
pouring temperature is presented in Fig. 8(b). The tensile

strength increased from 252 to 298 MPa and the elongation
increased from 8.4% to 11.6%, as the pouring temperature
decreased from 746 to 701�C.

Figure 9 shows the SEM fracture morphologies of the
tension test specimens. All the tension specimens experienced a
mixed ductile-brittle fracture. The fracture surface of the
tension specimen without the spoilers at 701 �C was covered
by irregular cleavage planes and surrounding equiaxed dimples,
as shown in Fig. 9(a). According to the EDS analysis at A zone,
the cleavage plane was mainly composed of the primary Si. In
addition, a small number of cracks could be identified on the
cleavage planes. When introducing the spoilers at the same
pouring temperature (Fig. 9b), the fine cleavage planes
uniformly distributed on the fracture, and the cracks on the
cleavage planes were substantially missing. As the pouring
temperature increased from 701 to 746 �C, the size of the
cleavage planes and the number of the cracks gradually
increased, as illustrated in Fig. 9(b), (c), (d) and (e).

4. Discussion

The primary Si grains could be observed in the semi-solid
Al-20%Si alloy slurry. The generation of the primary Si grains
arose from the nucleation and growth of the Si phase in the
alloy slurry. Under the pouring process of the semi-solid slurry,

Fig. 6 Microstructures of the Al-20%Si alloy prepared by the serpentine channel with spoiler under different pouring temperatures, (a) Alloy I,
(b) Alloy II, (c) Alloy III, (d) Alloy IV

Fig. 7 The distribution of equivalent diameter of primary Si under
different pouring temperatures
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supercooling provided a thermodynamic condition for the
nucleation of the primary Si in the alloy slurry (Ref 22, 23). As
the slurry was directly poured into crucible, the supercooling
degree of the slurry was quite low, which produced few
nucleation points and coarse grains in the slurry. Different heat
dissipation rates in all directions caused the dissimilar super-
cooling degrees during the slurry solidification (Ref 24). Thus,
the primary Si in Fig. 3(a) exhibited a typical faceted character
with a polygonal or lath-like structure. It has been reported that
the morphology of the primary Si grains in the Al-Si alloy
slurry could be changed from faceted to non-faceted pattern
when the alloy slurry was deeply undercooled (Ref 25, 26). The
serpentine channel wall improved the cooling rate of the alloy
slurry, and enhanced its supercooling degree. Besides, the
serpentine channel inner wall diminished the required interface
energy during nucleation, and the primary Si could nucleate at a

low supercooling degree. Thus, the primary Si grains in the Al-
20%Si alloy prepared through the serpentine channel exhibited
small size and a non-faceted shape.

A low pouring temperature caused a wide semi-solid
temperature range in the serpentine channel (Table 2), which
might strengthen the refining effect of the spoiler on the
primary Si. Thus, it is firstly necessary to verify the effect of the
spoiler on the alloy slurry at a pouring temperature of 701 �C.
The introduction of the spoiler had little influence on the
distribution uniformity of the primary Si grains in the Al-20%Si
alloy, but the size of the primary Si grains changed. The
average equivalent diameter of the primary Si grains was
21.2 lm, which was less than that of grains prepared without
the spoiler (Fig. 4). The stirring force in the alloy slurry induced
the uncoupled movement between the primary phase and
surrounding liquids, which had a positive effect on the primary

Fig. 8 Effect of the pouring temperature on the microstructure and mechanical property of the Al-20%Si alloy with the spoilers, (a) the average
equivalent diameter and shape coefficient of the primary Si, (b) the ultimate tensile strength and elongation of the Al-20Si alloy

Fig. 9 Fracture morphologies of Al-20%Si alloy fabricated by the serpentine channel, (a) without the spoilers at 701 �C, with the spoilers at
701 �C (b), 716 �C (c), 731 �C (d) and 746 �C (e), (f) EDS analysis result of zone A
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phase refinement (Ref 9). In order to further understand the
effect of the spoiler on the alloy slurry, the ANSYS software
was employed to simulate the flow of the slurry in the
serpentine channel. The transverse perspective velocity dia-
grams of the fluid flow are displayed in Fig. 10. The flow
velocity and direction of the slurry could be observed directly.
The velocity at the bends was greater than that at the straight
channel, which indicated the stirring effect of the bends on the
alloy slurry (Ref 10). For the serpentine channel with the
spoiler, the flow direction of the slurry below the spoilers was
disorganized, which implied the strong stirring effect of the
spoiler on the alloy slurry. The superimposed stirring effects of
the bend and spoiler on the alloy slurry increased the
fragmentation probability of the primary Si grains, and further
refined the primary Si grains. According to the Griffith
equation, the fine primary Si grains has less internal defects
than the coarse grains (Ref 27). Thus, few cracks appeared on
the fine cleavage plane of the fracture (Fig. 9b), which was
beneficial to the tensile properties of the specimens. Besides, it
was reported that the tensile strength and elongation of the
hypereutectic Al-Si alloy increased with decreasing the primary
Si size (Ref 28, 29). Thus, the tensile strength and elongation of
the Al-20%Si alloy prepared with the spoiler were larger than
that prepared without the spoilers (Fig. 5).

As is shown in Fig. 11, one grain was employed to
demonstrate the evolution process of the primary Si grains in
the serpentine channel. Firstly, the grain nucleated and grew in
the straight channel without the spoilers, as marked by ‘‘I’’ part
(Fig. 11a and b). Secondly, the grain was fragmented by the
bend wall, as marked by ‘‘II’’ part (Fig. 11a and c). Finally, the
fragmented grain continued to grow in the next straight
channel, as marked by ‘‘III’’ part (Fig. 11a and d). After
introducing the spoilers, the grain would be fragmented again
by the spoilers at the straight channel. Thus, the primary Si
grains in the serpentine channel with the spoilers remained a
small size throughout the pouring process (Fig. 11e, f, g and h).

The pouring temperature was a critical parameter for the
refinement of the primary Si in the semi-solid Al-Si alloy slurry
(Ref 30, 31). A low pouring temperature always caused a large
supercooling degree in the semi-solid alloy slurry, which
accelerated the nucleation of the primary Si (Ref 31). Besides,
the primary Si in the semi-solid slurry had no enough time to
grow at a low pouring temperature (Ref 32). Thus, the size of
the primary Si grains in the semi-solid alloy slurry decreased
gradually with decreasing the pouring temperature from 746 to
701 �C (Fig. 6). The hard primary Si particles blocked the
dislocation motion in the Al matrix, and increased the
deformation resistance of the Al-Si alloy. The cracks always
initiated at the hard Si particles when the resistance continued
to grow. A large number of fine primary Si grains would result
in great resistance to matrix deformation (Ref 33). Thus, as the
decrement of the primary Si size, the tensile properties of the
specimens increased, and the size of the cleavage plane on the
fracture decreased (Fig. 9b, c, d and e). This result was
consistent with previous research (Ref 34).

For comparison, a �size-decrease-ratio� was defined as
(D0 � D1)/D0, where D1 and D0 are the equivalent diameters
of the primary Si grains after and before grain refinement in the
hypereutectic Al-Si alloy, respectively. Several size-decrease-
ratios of primary Si grains with various preparation technolo-
gies are plotted in Fig. 12. The maximum size-decrease-ratio
was obtained for the Al-Si alloy prepared with Nb inoculation.
However, the Nb addition made the Al alloy�s mechanical
properties complicated (Ref 35). The serpentine channel with
the spoilers caused a high size-decrease-ratio, which demon-
strated its superior performance to the electromagnetic stirring

Fig. 10 Simulated velocity diagram of the fluid flow during the
alloy slurry preparation

Fig. 11 The evolution process of the primary Si grains in the serpentine channel, (a-d) without the spoilers, (e-h) with the spoilers
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(Ref 9) and wavelike sloping plate rheocasting (Ref 11).
Therefore, the serpentine channel with the spoilers is a
competitive method to refine the size of the primary Si in the
hypereutectic Al-Si alloy. In addition, it was emphasized that
the pouring temperature range of 686-701 �C could be further
optimized by reducing the temperature interval. This means that
the size of the primary Si could continue to be refined. Apart
from the pouring temperature studied here, the serpentine
channel structure (i.e., spoiler size, channel material and
diameter) is also a critical issue, and can greatly influence the
optimum pouring temperature and productivity of the semi-
solid Al-Si alloy slurry. Our future work will be concentrated
on this issue.

5. Conclusions

(1) The semi-solid Al-20%Si alloy slurry could be prepared
by the serpentine channel with the spoilers, and the
microstructure of the alloy slurry was composed of the
primary Si and Al-Si eutectic phases.

(2) The spoilers had a significant effect on refining the pri-
mary Si grains in the Al-20%Si alloy slurry. The aver-
age equivalent diameter of the primary Si grains in the
Al-20%Si alloy could be reduced to 21.2 lm, and the
average shape coefficient could be increased to 0.83 un-
der this experimental condition.

(3) The tensile strength and elongation of the Al-20%Si pre-
pared with the spoilers were greater than those of the al-
loy prepared without the spoilers. As the pouring
temperature decreasing from 746 to 701 �C, the tensile
strength of the alloy increased from 252 to 298 MPa,
and the elongation increased from 8.4 to 11.6%.
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