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The Desired Strength of Al-Si-Cu Alloy
Closed Cell Foam and Its Comparing
with the Strength of Ship’s Fresh Bone
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1- Introduction

High porosity foams are superior to hard metal
foams when it comes to orthopedic implant
production which needs to withstand load. One of
the reasons that some metals such as Titanium,
Aluminum and Stainless Steel are commonly
used to produce implants is the higher toughness
of these bioactive metals than that of natural
bone. The large difference between the toughness
of metal implants and its surrounding natural
bone results in the reduction of load distribution
in the part where the bone is present and this
causes the bone to be reabsorbed after implant
placement. Another reason is that, metal foams
made of bioactive materials make the
physiological properties of the metal more stable
(such as bioactivity and high corrosion resistance
when exposed to body fluid). In addition, the
presence of semi-open porosities on the outer
surface of an implant made of closed cell foams
provides proper places for the bone regrowth. It
also allows blood circulation and the passage of
internal body fluid into the implant. One of the
main benefits of closed cell foams compared to
open cell foams is the higher toughness of them
as they undergo impact loading. Various impact
loads caused by accidents, falling, running, etc.,
affect implants. Closed cell foams typically,
show better energy absorption and impact
resistance. Nowadays, Aluminum-based metal
foams are amazingly evolving. One of the
research domains in this regard is the production
of artificial bone from these foams. Due to their
low density and by the means of medical
ceramics coating, they can easily reach natural
bone density and the porosities highly absorb
elastic energy, which prevents crack initiation.
Changing the chemical composition and alloying
elements of metal foams enables them to have
strength close to that of natural bone. Their
compressive strength can also be designed in a
way that values close to or slightly less than that
of the porous tissue of natural bone so that the

artificial bone damages and the natural bone stays
safe during an accident. Therefore, this study
aims to create metal foam with a compressive
strength and toughness close to those of natural
bone. These mechanical properties were achieved
due to the dissolution of Copper in Aluminum-
based alloy, which made the construction of a
closed-call metal foam and the proceeding heat-
treatment possible.

2- Experimental Procedure

The first step to make an artificial bone from
closed cell metal foam is to use A356 alloy to
which, 3 to 6% Copper has been added. Closed
cell metal foam was formed by adding Copper
metal to the molten alloy and using TiH, as
foaming agent. This new alloy, which is made by
adding this critical amount of Copper, is capable
of experiencing aging heat treatment. Next,
blocks composed of the aforementioned alloy,
with the dimensions of 25*25*15 centimeter
were prepared. Thus this research was conducted
in three stages: i-Formation of closed cell metal
foam, ii-Heat treatment of the prepared foam, and
iii-Prepare fresh and natural bone from sheep’s
shin.

After the provision of large blocks made of
A356-xwt. %Cu foam, prisms were cut with the
size close to that of sheep’s shinbone. These
prisms were then put inside the heat treatment
furnace and underwent aging treatments at a
temperature of 165 ° C and durations of 2, 7, 15,
24 hours.

In the third stage, the sample made of fresh sheep
shinbone was prepared. The artificial bone,
composed of both non-heat treated A356-x wt.%
Cu foam samples and heat treated samples, were
turned to fit the dimensions of a natural sheep
bone. All samples of metal foam (figurel)- as
representatives of artificial bones- and also fresh
sheep bones (figure2)- as representatives of
natural bones- were subjected to compression test
according to the ISO 13314-2011 standard,
which is specific to porous materials. Mechanical
data resulted from different sample tests were
reported and compared with each other.
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Figurel- The process of compressive load barring of the
artificial bone used in the present study, during
different durations of uniaxial compression test

: !
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Figure2- The process of compressive load barring of the
natural sheep shinbone used in the present study,
during different durations of uniaxial compression test

Results and Discussion: To determine the effect
of aging time on the foam morphology, the
metallic foam bone samples (with the size similar
to that of the straight and smooth part of a sheep
shinbone) underwent aging heat treatment based
on the cycles represented in figure3. The creation
of metastable and very small (nanoscale) phases
in the walls of the metal foam bubbles became
possible within different durations, at a

Seyyed Mohammad Hossein Mirbagheri, Azin Alesafar

temperature of 165 ° C. These phases present in
the walls of solid bubbles, as well as the plateau
regions (resulted from several metal bubble
collisions) can interfere the atomic plane
movements by locking the high-density atomic
planes. As a result, the hardness increases. For
this purpose, four aging cycles were conducted
(Figure 3):
1- abcd for 2 hours at a temperature of 165 ° C
and rapid cooling by blowing air.
2- abef for 7 hours at a temperature of 165 ° C
3- abgh for 15 hours at a temperature of 165 ° C
4- abkm for 24 hours at a temperature of 165 ° C
It should be noted that at the end of cycles 1 to 3,
artificial bone samples were rapidly cooled by
blowing air, but samples related to the fourth
cycle were slowly cooled inside the furnace.

580

Solid Solution
Sequences of aging

b s © e g"t k

d f b, ,
aus (h)
Figure3- Solution annealing heat treatment and aging
cycle for closed cell A356+xwt%Cu alloy foam

In the next step, according to the
aforementioned conditions and standards,
compression test was conducted both on non-
heat-treated metallic foam bones and on the 4
other samples that were heat treated. For all the
samples, the stress-strain curves were plotted.
The comparison between the curves shows that
the strength of the sample which underwent a 15-
hour aging cycle (at 165 Celsius degrees) is very
much close to the strength of the natural bone
sample (slightly more). However, the sample’s
strength declines again as the aging process is
further  prolonged.  According to the
phenomenology of aging process, this is due to
the creation of stable phases of precipitates,
which have been converted from a metastable
phase with the maximum hardness, to a stable
phase with lower hardness. Based on this strain-
stress curve, the yield stress of the non-heat
treated sample is 9 MPa and 31 MPa for S3 (The
yield stress of S3 is highest among all).
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Figure4- Stress-strain curves of artificial bone samples
under the heat-treatment cycles shown in Figure 3

The Mechanism of increasing the strength of
artificial bones at the temperature of 165 ° C as
the aging time increases, is related to the
conversion of nanoscale copper-rich GP zones, to
metastable of 6’'and 6"  (with  lower
concentration of Copper). In non-heat treated
artificial bones, the distribution of Copper is so
low due to the absence of GP zones. During the

aging process, first GP zones then 6" and €'

regions and finally the stable phase of & (CuAl,)
precipitates due to the creation of metastable
phases. Consequently, the distribution of Copper,
highly depends on these metastable and stable

phases. As Copper joins the stable phase of &,
the strength of the metal decreases due to the
overage phenomenon. This is because the
distribution of Copper in the crystal lattice of GP

phase, 8" , €' are far different from that of CuAl,

or @ phase.

With the help of absorbed energy during the
deformation of artificial and natural bones,
plateau stress as an important characteristic of
porous structures, can be calculated. This
calculation showed that the S3 sample (22.7
MPa) was closer to the fresh natural bone sample
(19.8 MPa) in terms of plateau stress. Moreover,
the yield stress of the S3 sample and natural bone,
equate t030.7 MPa and 33.5 MPa respectively

3- Conclusion

In this study, closed cell metal foam was
successfully prepared by adding Copper metal to
the melted Aluminum-Silicon alloy (American
A356) using TiH, as foaming agent. Artificial
bones were constructed from these foams having
the exact same size of fresh sheep shinbone. All
the samples underwent heat treatment at the
temperature of 165 ° C at different durations.
Compressive strength and toughness of artificial

bones were measured during uniaxial
compressive loading. The comparison of the
obtained quantities is as follows:

1- The non-heat treated artificial bone, has
a lower strength than the fresh natural
bone. The yield stress of metal foam
bone made of A356+ xwt. %Cu without
the aging process and that of the fresh
bone were 9MPa and 33MPa
respectively.

2- S3 sample (15 hours of aging at the
temperature of 165° C), is the best
sample in terms of similarity of
mechanical behavior to the fresh natural
bone under compressive loading.

3- Plateau stress and yield stress for S3
sample are 227 and 30.7 MPa
respectively and 19.8 and 33.5 MPa for
natural fresh bone. This difference in
mechanical properties is less than 8%.

4- Toughness up to 60% strain during
uniaxial compressive loading, with a jaw
speed of 20 mm/min according to the
international standard ISO 13314 for
porous materials, is 11.9 MJ/m?® for
natural bone and 13.6 MJ/m® for S3
sample the selected artificial bone.

5- The Mechanism of increasing the
strength of artificial bones at the
temperature of 165 ° C as the aging time
increases, is related to the conversion of
nanometer Copper-rich GP zones, to
metastable of 6'and 6" (with lower
concentration of Copper).

6- Sample’s strength declines again as the
aging process is further prolonged. This
is due to the growth of nanoscale
precipitates converted to micro and
stable precipitates such as CuAl..

7- The presence of Copper in closed cell
metallic foam of A356+xwt. %Cu and
the aging process, provide this
opportunity to design artificial bones,
with the desired strength of medical
engineers. These artificial bones can be
suitable for bone replacements.
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