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Abstract

Hydraulic hardened paste of magnesium-bearing phosphoaluminate-hydroxyapatite composite cement (MPAHC) reinforced by
0.5 wt.% addition of raw silk possesses splitting strength of 14.9 + 0.2 MPa and Vickers micro-hardness of 2.22 GPa, which are increased
by 22.2% and 42.3%, respectively, in comparison with that of the control ones after curing for 24 h at 37 °C. X-ray linear scanning anal-
ysis and FT-IR spectra suggest that the chemical bonds might have been developed at the interface between the treated raw silk and the

hydrates in MPAHC hardened pastes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Various kinds of bio-ceramics and polymers have been
developed and widely used in the fields of osteo-, orthopae-
dic and dental surgery, etc. [1-3]. Ceramic materials are
very inconvenient in service due to the poor readiness of
shaping; polymers [4,5] are poor in durability due to they
possess no hydraulicity and can only harden by acid-basic
reaction. However, hydraulic bio-cements, for instances:
calcium phosphate cement (CPC) [6] and zinc phosphate
cement [7], show many advantages in comparison with
ceramics, polymers and some other materials owing to they
are easy to shape, injectable, and can be maintained locally;
but the brittle behavior and poor mechanical properties of
hydraulic bio-cements limit their use in loaded conditions,
and the vivo resorption is also very slow. A new way to
produce macropores in CPC by adding NaHCO; to
enhance the resorption, but 85% decrease of the compres-
sive strength has been noted [8].
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Fibers have been employed as reinforcing materials,
such as carbon fiber [9] or ceramic fiber [10], but they are
poor in bio-compatibility. A new idea to employ treated
raw silk for reinforcing this kind of materials has been
put forward by the authors. Raw silk is composed of silk
fibroin (70-75%), silk sericin albumen (20-25%), wax
(0.45-0.8%), carbohydrates (1.2-1.6%) and inorganic
ingredients (~0.7%). Due to the strong interaction between
the covalent chemical bonds along its axis orientation and
the existence of non-crystalline region within the polypep-
tide-chain structure, raw silk possesses excellent high ten-
sile strength of 10 GPa and high fracture absorbing
energy which is even stronger than that of Kevlar (a kind
of aromatic polyamide fiber) and steel [11]. In addition to
treated silk fiber, the selected material for this study is mag-
nesium-bearing phosphoaluminate-hydroxyapatite cemen-
titious material. Since Ca-aluminate based bio-cement
exhibits very low clotting behavior and can maintain high
platelet count number, but the high amount of [AlO4]
group introduced may be harmful to the human body; on
the contrary, CPC exhibits high clotting behavior and
shows low platelet count although they possesses high bio-
compatibility [12]. Phosphoaluminate cement created by
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the authors [13] might be the preferential candidate for bio-
cement purpose. To obtain desirable hydraulicity and in
parallel to maintain high biocompatibility, magnesium
oxide and hydroxyapatite have been employed in the sys-
tem studied, and the novel idea to enhance the mechanical
strength of this system by treated raw silk has been studied
here.

2. Experimental
2.1. Starting materials

Starting materials were prepared by sol gel process
shown schematically in Fig. 1. The following reagent chem-
icals were selected in this study: Ca(NOs), - 4H,0, H3POy,,
AI(NO3); - 9H,0 and Mg3(POy), - 8H,O (Beijing Red Star
Chemical Plant), and silica sol (Qing Dao Marine Chemical
Plant).

2.2. The design of phase composition of MPAHC clinker

MPAHC clinker was made up of the clinker of magne-
sium-bearing phosphoaluminate cement and the clinker of
hydroxyapatite. The clinker of magnesium-bearing phos-
phoaluminate cement was formed by proportioning the
starting materials with the molar ratio of (CaO + MgO)/
(ALLO3; + P,Os + Si0,) = 1.94 and CaO/P,05 = 2.05 firstly,
then sintering the material at the temperature of 1380 °C
for 30 min, hereafter, quenching the material at RT (room
temperature). The clinker of magnesium-bearing phos-
phoaluminate cement obtained is mainly composed of
novel calcium phosphoaluminate solid solution (abbre-
viation LHg, XRD d-space: 0.375, 0.262, 0.215 and
0.288 nm) [13], calcium phosphate, magnesium phosphate
and calcium aluminate solid solution. The clinker of poor
crystalline hydroxyapatite was synthesized by proportion-
ing the starting material according to the formula of
Cas(PO,4);OH, then burning it at 1300 °C foe 30 min, and
then quenching at RT.

Soluble chemicals in the molar ratio of
(CaO+MgO) / (A1,05+P,05+Si0,) = 1.94 and CaO
/" P,Os = 205 for
phosphoaluminate and proportioning according to
the formula of Cas(PO4)OH for hydoxyapatite.

Magnesium-bearing

| | mix with waterto |—p| 70°C ~ 85°C for

2.3. Raw silk surface treatment

Fig. 2 shows the section (a) and the structure (b) of a
silk. Raw silk was soaked into nitric acid (1:10) for 2 h at
RT, thereafter, was rinsed by tap water thoroughly, then,
was fresh soaked into the solution of alcohol:ethanol = 1:1
for 10 h at room temperature, and then the fiber was dried
at about 60 °C for 3 h, after cooling the treated silk was cut
into the length of 2 mm for the use of experiment.

2.4. Preparation of specimens

MPAHC consists of magnesium-bearing phosphoalumi-
nate clinker and hydroxyapatite in the proportion of 75:25
in weight percent. The mix was powdered with proper
amount of superplastcizer to the particle size smaller than
35 pm, in which, about 70.0 w/% of the particles were con-
centrated in range of the size smaller than 7.9 um as shown
in Fig. 3. If the fineness of a cement powder is high, the
reactivity and the hydraulicity will be high when the pow-
der reacts with water due to the high specific surface area.
The hydration specimens with the size of 12 mm in diame-
ter and 6 mm in thickness were prepared by mixing the
cement and treated raw silk intimately at the water/solid
ratio of 0.15, then molding it. The pastes were set in 6—
10 min and hardened in about 15 min at RT, hereafter,
the specimens were demolded and cured in distilled water
at 37 °C for 24 h, and then were measured for tensile split-
ting strength and Vickers micro-hardness. The fraction of
treated raw silk was in the range of 0.2-0.8 wt.% while tak-
ing the specimen with the 0.0 wt.% of treated raw silk as a
control.

2.5. Evaluation methods

Particle size distribution analysis of powdered MPAHC
was conducted by Laser Diffraction Particle Size Analyzer
LS 13 320 (BECKMAN COULTER) with 220 V and
56 Hz in the size range of 0.04-2000 pm for 90s at RT.
Fig. 4 shows schematically the determination of splitting
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Fig. 1. Schematic routing of sol-gel process for the preparation of starting materials.



S. Li et al. | Cement & Concrete Composites 30 (2008) 347-352 349

Sericin albumen

/ silk fibroin

Micro-fiber

Pore

Fig. 2. The section (a) and the structure (b) of a silk: (A) a silk is composed of two pieces of fibroin; (B) a piece of fibroin embodied by sericin albumen; (C)
a piece of fibroin is composed of 90-1400 pieces of fibers with the diameter of 0.2-0.4 um; (D) a piece of fiber consists of 800-900 micro-fibers with the
diameter of about 10 nm; (E) the structure of alternating crystal region with non-crystal region.

strength under the loading rate of 1 kN/s, and Fig. 5 shows
the testing scheme of Vickers micro-hardness on the load-
ing stress of 2.66 x 107> MPa for 20 s. Infrared spectros-
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Fig. 3. Particle size distribution of powdered MPAHC, showing that
about 71.1 wt.% of the particles are concentrated at the size range of
smaller than 7.9 pm.
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Fig. 4. Sketch of testing for splitting strength.
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Fig. 5. Schematic distribution of testing points for splitting strength.

copy analysis (IR) was performed by the instrument of
FTS-165, Bio-Rad, USA; the resolution and accuracy of
the instrument were 0.17 cm ™" and 0.01 cm ™!, respectively.
SEM (S-2500, Japan, HITACHI) with X-ray energy-dis-
persing analysis (England, VG Scientific Instrument Com-
pany) was employed for morphology observation and the
evaluation of the interface between cement hydrates and
the treated silk fiber.

3. Results and discussion

Figs. 6 and 7 show the dependence of mechanical prop-
erties on the fraction of treated raw silk. Each value of
splitting strength is the average of six specimens, the error
is in the range of £0.2 to £0.6; each value of Vickers
micro-hardness (VH) is the average of 42 testing dots of
six specimens, the error is in the range of 4+0.02 to +0.07.
Fig. 6 shows that the splitting strength of hardened paste

N
(9]
L

N
>
1

/N

—

_
w
1

/

Splitting strength/Mpa
s > R

©
L

00 02 04 06 08 10
Percentage of raw silk/w/%

Fig. 6. The dependence of splitting strength of hardened pastes on the
fraction of raw silk, which are cured at 37 °C for 24 h. Each point is the
average of the minimum and maximum testing values of six specimens,
the error is in the range of +0.2 to £0.6.
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Fig. 7. The dependence of Vickers hardness of hardened pastes on the
fraction of raw silk, which are cured at 37 °C for 24 h. Each point is
the average of the minimum and maximum testing values of 42 points, the
error is in the range of £0.02 to +0.07.

with 0.5 wt.% fiber is 14.9 + 0.2 MPa, it is enhanced by
22.2% in comparison to 12.2 MPa of the control one;
Fig. 7 shows that VH of the hardened paste with
0.5 wt.% silk is 2.22 GPa, it is increased by 42.3% as com-
pared with 1.56 GPa of the control one. The remark decline
of the mechanical properties of hardened pastes with the
fiber amount higher than 0.5 wt.% is caused by the present
of fiber cluster in pastes. It is very difficult to disperse the
fiber if its amount is high. Thanks to the desirable particle
size distribution and the fineness, to the intrinsically high
mechanical property of treated raw silk itself and to the
chemically bonded interfaces formed between the hydrates
and the silk in hardened pastes, which give rise to the high
mechanical properties of MPAHC hardened pastes, in
which the surface treatment of the silk is a key technique
that is responsible for the chemical bond. Fig. 8a shows
the SEM morphology of raw silk after surface treatment.
There are some sericin albumen attachments on the surface
of the fiber; X-ray energy-dispersing spectrum (England,
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VG Scientific Instrument company, specimen was coated
with gold, Au) in Fig. 8b shows the main elements compo-
sition of the raw silk is carbon, oxygen, nitrogen and
hydrogen (not present by this technique here) that make
up of the dominant groups of carboxyl and amino as
shown in IR spectrum (c) of Fig. 11. It is these groups,
especially carboxyl group, to favor the bond between
MPAHC hydrates and silk. SEM morphology of Fig. 9a
shows the intimated bond of these two materials and
Fig. 9b shows the element composition at point 1 in
Fig. 9a. The elements presented right at the location of
interface are Ca, P, Si, Mg, O, N and C. Fig. 10 shows
X-ray linear scanning at the interface region of 13.2 um
marked in Fig. 9a. It exhibits that there are not only ele-
ments of Al and P presented originally in cement paste
but also element C presented originally in the silk at the
interface, and the concentration of these elements alter
gradually instead of abruptly. The concentration of ele-
ment C declines from interface to cement paste and so do
that of elements Al and P from interface to silk. It might
imply the high inter-diffusing of elements and the present
of chemical bonds at the vicinity of the interface. FT-IR
spectra shown in Fig. 11 confirm this deduction further.
In comparison the spectrum (b) with (a) and (c) respec-
tively, it can be seen that: (1) Eight bands originally pre-
sented in the spectrum (c) of raw silk fiber are absent in
spectrum (b) of MPAHC hardened paste with 0.5 wt.% silk
fiber. The relatively sharp eight bands are: the band of
groups N-H and OH at around 3421.73 cm™ !, band of
C-H at 1385.04cm ™', O=C at 1700.54cm™', -C-N at
1048.47 cm™! and 1234.53cm™!, OH in carboxyl group
at 965.13cm™!, and bands of —-O-NO group at
619.81 cm™! and 697.59cm™'; (2) A double stretching
vibration adsorption band of group OH™ [14] at
3399.86cm ™' and 3254.31cm™' in spectrum (a) of
MPAHC hardened control paste transforms into a shoul-
der band at 3432.33 cm™! in spectrum (b), which shifts to
high wavenumber by 32.47 cm™ !, consequently, the bond
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Fig. 8. SEM morphology of treated raw silk (a) demonstrates that there are some sericin albumen attachments on the surface of the fiber. X-ray energy-
dispersing spectrum (b) shows that the element composition of raw silk is mainly the elements of carbon, oxygen and nitrogen.
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Fig. 9. SEM morphology of hydrated paste (a) showing that the silk fiber embeds into the hydrates. The X-ray energy-dispersing spectrum (b) shows the

element composition at point 1 in Fig. 6a.
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Fig. 10. X-ray linear scanning shows the distribution of element concen-
tration at the interface between hydrates and silk at the location marked in
Fig. 6a.

energy is increased by 388.67 J in MPAHC,; in parallel, the
band shape widens and its intensity increases, which sug-
gest that the poly-groups of [OH ], and hydrogen bond
between molecules occur, and the concentration of hydro-
xyl increases which is a prerequisite for a material whether
or not possesses biocompatibility. (3) The asymmetry
stretching vibration band of P-O group at 1009.58 cm™!
broadens pronouncedly from spectrum (a) to (b), which
might suggests the formation of some poly-groups of
[POy],. (4) Carboxyl band at 1437.69 cm ™' becomes weak
and presents shoulder splitting, in consideration the
increase of the intensity and the shiftiness of band of group
OH ™, it might imply the substitution of group hydroxyl for
carboxyl in the lattice of MPAHC hydrates. (5) The band
of 572.477 becomes less infrared activity and shifts gently
toward the low wavenumber.
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Fig. 11. FT-IR spectra: (a) control MPAHC hardened paste; (b) MPAHC
hardened paste with 0.5% treated silk fiber and (c) treated raw silk fiber.

The above considerations suggest that the chemical
bonds might formed between groups of [PO4], [AlO4] and
OH in MPAHC hydrates and groups of carboxyl group,
O=C, -C-N and —O-NO in silk fiber at the interface,
which is the intrinsic factor to strengthen and toughen
MPAHC composite hardened pastes, and that MPAHC
composite might possesses high bio-compatibility due to
the high concentration of hydroxyl group.

4. Conclusion

1. Hydraulic MPAHC composite hardened paste contain-
ing treated raw silk of 0.5 wt.% possesses the splitting
strength of 14.9 & 0.2 MPa and Vickers micro-hardness
of 2.22 GPa, which are increased by 22.2% and 42.3%,
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respectively, in comparison with that of the control one
after curing at 37 °C for 24 h.

2. The high mechanical performances of hydraulic
MPAHC are given by the combination of high and early
strength PALC employed here, the desirable particle size
distribution of MPAHC and the treated raw silk.

3. The chemical bonds might have been developed at the
interface between cement hydrates and treated raw silk
and the formation of poly-groups of [OH™], and
[PO4], in MPAHC paste reveal the intrinsic factor of
strengthening and toughening the hardened pastes of
MPAHC composite cement.
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