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ABSTRACT

Background: Bone cements based on acrylics have been used in different orthopedic procedures. Currently, the
PMMA+HAp system is used as bone cement in a minimally invasive procedure known as Vertebroplasty. In this paper,
the main goal was to study the Hydroxyapatite influence on the thermal and mechanical properties of a non-commercial
bone cement. The relationship of the glass transition Tg with its mechanical properties of the samples was also
investigated. Materials and Methods: The bone cement as (1-x)PMMA-xHAp binary system was prepared in six distinct
concentrations, such that [x] parameter is the concentration varying from 0.0 up to 0.5. The Hydroxyapatite (HAp) was
synthesized using a sol-gel procedure following calcination by thermal treatment. The composite was prepared by mixing
Polymethylmethacrylate (PMMA) and HAp. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA)
and mechanical compressive strength (CS) were used to study the thermal and mechanical properties. The DSC and TGA
thermal profiles as a function to concentration [Xx] were presented. Results: The concentration at x = 0.5 or x5 exhibited
mechanical behavior similar to porous tissues compared with bone. The CS lies in a range of 1.71 - 7.37 MPa and the glass
transition temperature Tg = 102.57 °C. Conclusions: There are direct relationships between the thermoplastic features of
the PMMA+HAp system and its mechanical and thermal properties as a function of the biophosphonate concentrations
ratio.
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INFLUENCIA DE LA HIDROXIAPATITA EN LAS PROPIEDADES MECANICAS Y
TERMICAS DE UN CEMENTO OSEO ALTAMENTE POROSO

RESUMEN

Antecedentes: Los cementos 6seos basados en acrilicos han sido usados en diferentes procedimientos ortopédicos.
Actualmente, el sistema PMMA+HAp es usado como cemento 6seo en un procedimiento minimamente invasivo conocido
como Vertebroplastia. En este articulo, el objetivo principal fue estudiar la influencia de la Hidroxiapatita en las
propiedades térmicas y mecanicas de un cemento 6seo no comercial. La relacién de la transicién vitrea Tg con sus
propiedades mecanicas también fueron investigadas. Materiales y Métodos: EIl cemento éseo como sistema binario (1-
X)PMMA-xHAp fue preparado en seis concentraciones distintas, de modo que el parametro [x] es la concentracion que
varia desde 0.0 hasta 0.5. La Hidroxiapatita (HAp) se sintetizd usando el procedimiento sol-gel después de la calcinacion
por tratamiento térmico. EI compdsito se preparé por la mezcla de Polimetilmetacrilato (PMMA) y HAp. La calorimetria
de barrido diferencial (DSC), el analisis termogravimétrico (TGA) y la resistencia mecénica a la compresion (CS) fueron
usadas para estudiar las propiedades térmicas y mecéanicas. Los perfiles térmicos DSC y TGA como una funcién a la
concentracion [x] fueron presentados. Resultados: La concentracion en x = 0.5 o x5 exhibié un comportamiento mecanico
similar a los tejidos porosos comparados con el hueso. La CS se encuentra en un rango de 1.71 -7.37 MPa y la temperatura
de transicion vitrea Tg = 102.57 °C. Conclusiones: Hay una relacién directa entre las caracteristicas termoplésticas del
sistema PMMA+HAp y sus propiedades térmicas y mecénicas como una funcion de la razén de concentraciones de
biofosfanatos.

Palabras Claves: Cemento ¢seo, DSC, Transicion vitrea, Resistencia a la compresion.
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1. INTRODUCTION

The pathologic fractures have often occurred under
normal physiologic stress in patients with spinal
metastasis. The fracture occurs causing a partial or
total damage of the vertebral body [1]. In the
oncology cases, bone metastasis can significantly
affect a patient’s quality of life due to disabling
pain, fractures or even paralysis by spinal cord
compression [2]. Radiovertebroplasty has been early
suggested to be similar to Vertebroplasty; however,
with the insertion in situ of a radioactive cement [3].
Already, this has been studied by means of a
computational simulation in which the dose
delivered from the mixture between bone cement
based on PMMA acrylics and radioisotope of
interest as Sm-153 or Ho-166 targeting
Hydroxyapatite (HAp) was spatial addressed in a
computational vertebral phantom [4, 5]. The
absorbed dose was also evaluated by MCNP-5
Monte Carlo Computer Code with P-32, Ho-166, Y-
90, F-18, I- 125 and Tc-99m isotopes
homogeneously distributed on the vertebrae. Both
studies have been shown the spreading of the
absorbed spatial dose being very limited into beta
emitters range due to improvement in metastatic
lesions [5-7]. HAp Nuclear features doped with Sm-
152 and Ho-165, their decay processes, radionuclide
contaminants and the activation process in a
research reactor have been addressed, demonstrated
the viability of producing radioactive cement in a
neutrons low-flux reactor-type. Although the
nuclear proprieties on the HAp-153Sm and HAp-
166Ho bioceramics coupled with radioactive
sources were presented by Donanzam et al. [4];
thermal and mechanical properties from based on
PMMA+HAp system still no researched fully.

Thermal, morphological and mechanical properties
on the PMMA electrospun nanofibers were studied.
DSC was carried out to determine the phase change
by increasing the PMMA/NaCl solution
concentration. The results showed that the Tm
(melting temperature) for a first glass transition was
almost 116.19 °C to 2 samples with 12.5 and 15 %
weight for the concentrations i.e. invariant with
NaCl concentration. Nonetheless, the second glass
transition temperatures were 121.58 °C to 12.5 %
weight and 123.06 °C to 15 % weight for a second
thermal anomalous, confirming that the crystallinity
of the fibers of PMMA/NaCl increases with
concentration [8, 9]. On the other hand, higher value

of the glass transition temperature Tg yields stable
thermally fibers [8, 10]. Also, this was reported an
initial decomposition temperature of the PMMA
powder at 140 °C and to PMMA/NaCI fibers at 302
and 320 °C respectively. This phenomenon is due to
the sub-products during the thermal degradation
process [8, 11]. Other studies on TG-DTA were
developed in HAp to know the decomposition
process attributed to nitrates and urea thus this being
a largest weight loss. This is important to note that
synthesis’ methods based on HAp in both works are
different. On the other hand, there are many positive
aspects achieved when heat treatment at 800 °C was
included [12]. Another author presents an
exothermic peak due to the combustion of organic
components around 300 °C to results with TG-DTA.
The crystallinity increased when the heat treatment
is close to 700 °C [13].

Also a mechanical properties study was applied only
to behavior analysis about ultimate tensile strength
(UTS) from nanofibers made with PMMA/NaCl
ratio, which developed in the range 1 — 3 MPa. The
modulus of the parallel layers in the nanofibers was
studied with a value of 523 + 52 MPa. A
mechanical result important occurred where the
layers arranged in cross its modulus was 26.1 + 4.0
MPa [8, 14]. Based on previous work, Akhtar et al.
in 2015 conclude that the nanofibers PMMA/NaCl,
with optimal mechanical behavior, these can be used
for applications in cell growth that are deposited on
these PMMA nanofibers looms for biomedical and
pharmaceutical areas [8]. Others studies on
morphological and mechanics based on bone cement
samples present compression properties than
achieve values 71 and 95,5 MPa with an high pores
amount and diameter higher to 66 um [15, 16].

There are review studies about basic concepts on
biomechanics and some bone properties [17], in
which the biomechanical characteristics of the
porous tissues could be appreciated [18]. In these
reviews, the stress vs strain profiles in an elastic and
plastic region can be classified. In these studies
were obtained strength values for cortical bone from
167 - 213 MPa and Young’s modulus between 14.7
- 34.3 GPa. For spongy bone, the strength varies
from 1.5 - 9.3 MPa and the Young's modulus
between 10 — 1058 MPa were presented by Caeiro
et al. [18]. Such data can be addressed to qualify
synthetic biomaterials as bone substitute in
comparison to natural bone. These acrylic-based

©2021 Universidad Simén Bolivar / Universidad de Oriente

23

Rev. LatinAm. Metal. Mat. 2021; 41 (1): 21-33



Rev. LatinAm. Metal. Mat.

Articulo Regular,

www.rimm.org

biomaterials combined with HAp particles improve
biocompatibility ~with tissues by increasing
osteoconduction of the bone implant [19, 20]. The
increase in porosity in these bone implants known as
spacers in the orthopedic field provide an optimal
environment for protein adhesion and osteoblast
proliferation which expresses greater biomaterial
functionality for various applications [21-23].

Our proposal research has as main goal to study the
thermal and mechanical properties from a bone
cement based on PMMA+HAp system with higher
HAp concentration non-commercial type. The
interest in the PMMA+HAp system is due to
improvement its porosity when HAp compound is
increased in the macroaggregate system. Such
system can be applied in cold condition (non-
radioactive) as bone implants, as bond cements for
restoration of fractured parts, or in hot condition
(radioactive) as a matrix of supporting radionuclides
in treatments of bone metastases PMMA+HAp-
1%3Sm and PMMA+HApP-"*Ho.

2. MATERIALS AND METHODS

2.1. HAp Synthesis.

The HAp was synthesized by the sol-gel method
according to Donanzam et al., Campos et al. and
Legeros et al. [3, 4, 24, 25]. The reagents used for
the HAp synthesis were 3.937 g of calcium nitrate
(Ca(NOs),-4H,0), 0.69 mL of phosphoric acid
(HsPOy), 1 up to 2 mL of methanol CH;OH as a
catalyst for starting reaction and deionized water as
solvent in excess. After mixing the components, the
solution was rested for 24 h in a closed beaker.
Precipitation, nucleation and formation of colloids
had occurred. Subsequently the sample was heated
in an oven. The temperature started at room
temperature ramped to 80 °C at a rate of 0.306
°C-min”, holding 360 min at the 80 °C isotherm,
subsequently ramped to 100 °C at the rate of 0.333
°C-min™* holding 720 min at 100 °C isotherm. At the
calcinations, the sample was heated from room
temperature to 720 °C at a rate of 6 °C'min™,
following by a 60 min at 720 °C isotherm. After
cooling, the HAp samples were macerated to
powder.

2.2. PMMA-HAp composite preparation

HAp powder was mixed in different proportions to
PMMA in its powder presentation. The composite
was prepared in cold based (non-radioactive) mixing
PMMA ([CH,C(CH3)(CO,CH)]s), Hap

[Cas(PO,)3(OH)]. Both PMMA and the instruments
were cooled previously. The mixture was stirring.
PMMA-HAp system was prepared with PMMA’s
micro-spheres copolymer mixed to the monomer
Methyl Ethyl Methacrylate (MMA). The samples
were prepared in accordance with the following
concentrations [x,, with n = 1, 2, 3, 4, 5, 6], such
that x; = 0.00000, x, = 0.02167, x3 = 0.09062, X, =
0.16619, xs= 0.50000 and Xs = 1.00000. The X, is a
value corresponding to x in the following system (1-
X)[CH,C(CH3)(CO,CH3)]-X[Cas(PO4)s(OH)] or
(1-x)PMMA-XHAP.

2.3. Calorimetry DSC and Thermogravimetric
TGA assays

The thermal analysis was performed by using the
differential ~ scanning  calorimetry = DSC-60
Shimadzu; measured in two-time intervals. The
measurements were carried out in a dynamic N,
atmosphere (50 ml/min) at a heating rate of 10
°C-min™* with 45 °C — 210 °C temperature interval
of interest and a mass of 1.52 up to 3.39 mg for
DSC thermal analysis. The samples placed on the
aluminum pan were kept in laboratory temperature
and atmospheric pressure conditions. A second
heating was performed at 30 °C up to 450 °C
following the same heating rate. The
thermogravimetric analysis (TGA) was performed
using METTLER TGA/DSC 1 equipment. The
heating rate was the same as in the DSC previously
described and in a temperature range of 30 °C to
750 °C, using amount of 3,5 - 7 mg of samples in
alumina crucible. With the help of the thermal
history and the loss of mass of the samples, the
analysis was carried out to calculate the transition
temperature Ty (I) and the enthalpy of glass
formation AH; (1) in the bone cement samples for
each concentration on the (1-
X)PMMA-xXHAp system.

2.4. Mechanical Assay

The same material was prepared for the mechanical
analysis, except to the concentration Xg since this
could not keep in a compact volume. The design
model for fracture was a cylindrical block of 20 mm
height and 10 mm diameter approximately. An
amount of 5 g of the composite (1-x)PMMA-xXHAp
was mixed with 1.5 mL of MMA monomer and
cast. The catalyst component was introduced to start
polymerization. The pieces were fractured a week
after preparation. The trials were done in INSTRON
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5582 equipment Series Dual Column Floor Frames.
The data acquisition was performed by Bluehill©
Software. The loading speed was automatically
adjustable for each sample. The specimens were
isothermally heated at the glass transition
temperature T (I), found in the DSC analyses, for
30 min in duplicate. Subsequently, the mechanical
compression was performed. The compressive
strength was calculated from the load curve and the
geometrical factor of each sample that is obtained
from the cylindrical dimensions (see Tables 1 and
2). The values presented correspond to the statistical
mean of three measurements.

Table 1. Mean values over geometrical dimensions of
test blocks of the (1-xX)PMMA-xHAp system without
preheating

Block 1 [mm] Block 2 [mm]
X +0,01 +0,01
D, D, H D, D> H

x; 1091 10,64 20,80 10,70 10,50 20,60
x, 11,16 11,00 21,40 11,08 11,00 21,42
x3 11,16 11,22 2160 11,32 11,22 21,10
X, 11,00 11,20 21,15 11,01 11,00 21,22
xs 13,20 13,30 22,00 13,37 13,40 21,37

* D1, D2: diameters and H height, cylinders dimensions

Table 2. Mean values of the (1-x)PMMA-xHAp system
with preheating at Tg, for distinct geometrical dimensions
of the sample’s blocks.

Block 1 [mm] Block 2 [mm]
X, +0,01 +0,01

D, D, H D, D, H
x, 10,80 10,60 21,00 10,70 10,60 21,00
X, 11,28 11,36 21,20 11,25 10,96 20,50
xs 11,40 11,25 20,25 11,40 11,43 20,50
Xy 10,70 11,00 22,11 11,25 11,00 22,00
Xs 12,20 12,00 21,40 12,60 12,00 22,00

* D,, D,: diameters and H height, cylinders dimensions

The ratio H~2D was defined to reduce the effects of
friction between the anvils and the specimen and
avoid bending during compression. The Figure 1
displays the specimen model before and after the
tests considering an ideal model with non-friction.

Equation 1 is presented in order to take into account
the analytical development and thus the ideal
geometrical condition of the samples is satisfied.

Equation 2 allows to understand the axial

compressive strength under the methodological

conditions addressed.
O0H

R ' -

ot

H

Z H?+(2R) =d*
R = Radius, H = Height, D = Diameter = 2R

Figure 1. Diagram regarding the ideal dimensions of the
test blocks, depicting the experimental conditions
necessary for compression tests.

Considering that the material is isotropic, H=—F&
havinga = constant, is satisfied during all
compression tests. Equation 2 was used to achieve
the stress-strain curves from the experimental force-
displacement data. where o being the axial
compressive strength, as follows:

H?+(2R)? =a® —> 2H - 1= -8R - & (1)
H - M= 2(2R)H—>H =2D Q.E.D.
. __F
- 7ZD2 (2)

3. RESULTS AND DISCUSSION

3.1. TGA profiles

TGA thermal profiles for the PMMA (copolymer)-
HAp and PMMA+HAp systems were shown in
Figure 2 and Figure 3. The mass in a range between
3,5 - 7 mg was used by TGA equipment. The TGA
thermography results showed a significant mass loss
after 100 °C for the x; (i=1-6) concentrations that is
associated with the water loss and degradation
products. The Fig 2(a) shows greater mass loss in
the concentration x;, which contains a greater
concentration of the polymer that corresponds to
100%. Above 250 °C, the boiling process of the
substance begins, degrading mainly into CO, and
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water steam. The loss of H,O in the samples is due
to the water retention in the bioceramics to a lesser
degree and to the coupling of hydroxyl (OH)" that
reacts with free hydroniums in form of water steam
for samples with a HAp concentration [x]. The
retention of water in HAp has been reported due to
its hygroscopic nature and basically occurs due to
the formation of dipole moments between phosphate
groups and intermolecular hydroxyl (OH) in the
amorphous lattice of the bioceramic [26]. PMMA
has been reported as a highly hydrophobic substance
in its polymerizing form.

(1-x)PMMA-xHAp (System via powders)

90

60+ o
TGA
——x,; x = 0.00000
x, x=0.02167
x,; x = 0.09062
x,; x=0.16619
x,; x = 0.50000
—x,; X = 1.00000
T

150

Weight %

30

300 450 600

Temperature [°C]

(a)

(1-x)PMMA-xHAp (System via powders)

100,2 L
99,6 L
BE
-
S ——x, > x = 0.00000
o 9.0 x,—> x = 0.02167 -
= ——x, —> x = 0.09062
—x,—>x=0.16619
98,4 x, —> x = 0.50000 =
x, > x = 1.00000
TGA - Temperature Domain of Interest
60 90 120 150 180 210
Temperature [°C]
Figure 2. TGA heating profiles for ¥x; (i=1-6)
concentrations of the (1-x)PMMA-xHAp system via

powders to determine system’s mass loss (a) among 35 —
751 °C (b) in TOIl among 45 — 210 °C approximately.

Therefore, degradation and releasing CO, are
dominant processes in the polymer [27]. Carbon
residues constitute about 6% at sample x; when
heating cycle finish to 751 °C. A higher HAp
concentration into the samples produces a greater
amount of residues associated with the bioceramics
that reach the calcination temperature above 750 °C.
The Xxs concentration consisting of the pure
bioceramic shows a transition above 650 °C. Fig
2(b), there is mass loss with less than 1 % according
to temperature domain of interest (TOI). A possible
explanation may be due to a poor water’s retention
and the redistribution of the degradation segments
that are coupled to both the polymer and the
bioceramics through diffusion and self-diffusion
processes.

In Fig 3(a), the polymerizing samples referring to
the concentrations X; - X4 show greater mass loss,
even a little more than the samples of the system via
powders. By-products and excess remnants of the
polymerization reaction are degraded and released
in the heating cycle, this being a cause for the
greater loss of mass with respect to the system via
powders. The graph also shows a very remarkable
transition above 160 °C for the first four
concentrations. In Fig 3(b) the maximum mass
losses at 4 up 7 % were occurring after Ty glass
transition. Also, significant mass losses were
observed in Figs 2(b) and 3(b) at 110 to 160 °C
intervals into TOI, above this temperature polymer
melts.
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(1-x)PMMA-xHAp
(polymerijzing samples of binary system)

90 4

TGA

x,; x = 0.00000
x,; x = 0.02167
4

304

X, X = 0.08062
x,; x=0.16619
——x,; x = 0.50000

—_—x X = 1.00000 X

300 450 600

Temperature [°C]

(a)

(1-x)PMMA-xHAp
(polymerizing samples of hinary system
100

150

96 -
—x_ --> X = 0.00000
-->x=0.02167
-->x=0.09062
-->x=0.16619

-->x = 0.50000
=X, -->x=1.00000

TGA - Temperature Domain of Interest
T

T
60 120

Temperature [°C]

(b)

Figure 3. TGA heating profiles for x; (i=1-6)
concentrations of the (1-x)PMMA-xHAp polymerizing
samples to determine system’s mass loss (a) among 35 —
751 °C (b) in TOI among 45 — 240 °C approximately.

X

Weight %

X

1
2
3

X,
s

e

884

T T
180 240

3.2. DSC profiles

The DSC  thermal profiles  for  the
PMMA(copolymer)+HAp and a PMMA+HAp
system were shown in Figure 4 and Figure 5. A
thermal anomaly has been confirmed after the
second heating for the erasure in the thermal history
and polymer stabilization for the analysis. The
anomaly in DSC profiles were found in a
temperature domain between 95 to 106 °C at the
first four concentrations (X3, Xz, Xz and Xg).
Comparatively, to the naked eye, the DSC
thermograms on the second thermal scan show a
constant negative slope from the X; - Xs
concentration, which indicates contamination of the
samples due to the coupling of degradation by-

products discussed above by the diffusion
phenomenon. This negative slope of the thermal
flux becomes less noticeable for bioceramics or
concentrations with a higher proportion of HAp.

(1-x)PMMA-xHAp (System via powders)
1.6 ‘ [ i

x1
g "z
E %3
3" .
be] X5
3 x
T 6
First Scanning - IJ;SC
Bb 1éu 1é0
Temperature [°C]
(a)
(1-x)PMMA-xHAp (System via powders)
0,44 LY : I X,
x2
< 0o A X,
X
,.5_’ 0,4 L 5
5 X
[F]
I
-0,84 ! L
Second Scanrjing -DSC ,
80 120 160 200
Temperature [°C]
Figure 4. DSC heating curves for the six [X]

concentrations of the (1-xX)PMMA-xHAp system via
powders in TOI between 45 — 200 °C. The Heat Flux is
presented in [mW].

In the Figure 4 showed a thermal anomaly for the
first four concentrations which held a higher PMMA
ratio for each sample. The dotted line can guide the
reader on the interest location in event described.
The phenomena occurred in the samples with heat
treatment which the baseline was corrected for each
of the concentrations. The calculation T, was made
using the slope method with the help of DSC-60
Shimadzu analyzer. A relevant feature in the 96 to
106 °C domain is a possible T4 (I) glass transition
reported previously [13,14]. The
PMMA(Copolymer)+HAp system in powders
showed a glass transition at T4 close to 102,57 °C in
average. Here the crystallization phenomena were
understood as the ratio between PMMA/HAp for

©2021 Universidad Simén Bolivar / Universidad de Oriente

27

Rev. LatinAm. Metal. Mat. 2021; 41 (1): 21-33



Rev. LatinAm. Metal. Mat.

Articulo Regular,

www.rimm.org

modulating to incorporate HAp microparticles
between polymers  chains. Indeed, the
biophosphated calcium matrix should increment the
crystallization level on the bone cement. Another
important aspect was slightly more difficult to
identify others glass transition temperatures reported
by others authors. Probably due to different
overlapping processes above glass transition
mentioned already, this was no-possible to confirm.
Despite this, it is possible to observe between 156
and 210 ° C for the powder system a possible
transition prior to the polymer melting. In Fig 4(a)
before Ty (I1), at concentrations Xi, X, X3 and Xs, a
possible crosslinking associated with degradation
products is observed, forming covalent bonds with
the polymer chains. Despite this, in Fig 4(b) on the
second heating, it can be observed that the T, (1)
remained relatively stable between 96 — 106 °C.

(1-x)PMMA-xHAp
(polymerizing samples of binary system)
I [}

X, ' X,

Heat flow [mW]

First Scanning - IiJSC

i
60 80 100 120 140 160 180
Temperature [°C]

(a)

(1-x)PMMA-xHAp
(polymerizing samples of binary system)

Hgat flow [mW]

Second Scanning -DSC
T T

80 120 160
Temperature [°C]

(b)
Figure 5. DSC heating curves for the six [X]
concentrations of the (1-x)PMMA-xHAp polymerizing
sample system in TOI between 45 — 200 °C. The Heat
Flux is presented in [mW].

200

In Fig 5, the non-pure sample is most evident during
the thermogram cycle in both the first and second
scanning. In Fig 5 (a) the no pure sample is due to
the remains of the polymerizing reagents as
discussed in the TGA analysis. In addition,
crosslinking is prominent at x; - X4 concentrations
due to the multiple formation of activated bonds by
side reactions with remnants. An analysis is
presented in the Tables 3 and 4 summarizing the
calculation of Ty (I) and T4 (II) (glass transition
phase | and I1) and formation enthalpy AH; of the
glass phase for each of the concentrations of two
types of samples.

The analyzer software uses the TGA and DSC
results to determine the enthalpy of formation of the
glass phase at the midpoint of the slope and the area
under the curve [28, 29]. This analysis can be
obtained by calculating the area under the curve on
the specific heat plot of the sample at the critical
temperature found in the TGA and confirmed by the
DSC.

In Table 3 the T, (1) do not follow a pattern and are
relatively stable in each of the samples analyzed.
The formation enthalpy of the glass phase (I) has a
tendency to decrease as a function of the
concentration of the polymer in the sample.

Table 3. Thermal analysis summary for the calculation
Ty and AH; of the (1-x)PMMA-xHAp system via
powders

(1-x)PMMA-xHAp Copolymer System

Xo Mass  Tg(l) AH (1) Tg()  AH: (1)
[mg]  [°C] [J/g] [°C] [J/g]
x, 258 101,68 2582 156,60 22,18
X, 152 10584 2473 21252 11,70
Xxs 194 10352 487 169,86 1,61
Xs 2,09 9589 824 17503 3,72
Xs 157 10590 6,77 169,81 4,86
Xe 1,72 o -----  ----- a--o- oo

*Tq (1), Ty (11): glass transition temperature (1) and (11)
** AH (1), AH¢ (11): formation enthalpy

The x5 concentration requires less energy for the
glass phase formation, and this is precisely because
in the first scanning a possible crosslinking is
observed, which in the second scanning has defined
a more intricate structure with less polymer in its
natural state. The T (I1) is highly oscillating and not
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very stable, probably due to overlapping chemical
interactions, although AH; (1) has a tendency to
decrease with the absence of the polymer.

The Table 4 shows a lower mean value Ty (1) than
for the samples via powders. Furthermore, AH; (1)
exhibits a decreasing behavior when the
concentration of the polymer is lower. The behavior
of the glass transition (I1) is similar to the samples
via powders.

Table 4. Thermal analysis summary for the calculation
Ty and A4H; of the (1-x)PMMA-xHAp polymerizing
samples

(1-x)PMMA-XHAp System

X Mass  Tg(I)  AH (1) To(l)  AH (1)
[ma] [°C] [J/9] [°C] [J/9]

X, 193 88,71 44,67 171,42 37,95
X, 192 83,52 10,82 179,40 7,88
X3 2,89 93,93 6,46 168,24 8,04
Xy 3,00 92,32 4,89 154,63 8,48
Xs 3,39 104,70 1,49 199,40 5,14
Xe 2,06 -----  ----- ----- o----

*Tq (), Ty (11): glass transition temperature (1) and (11)
** AH; (1), AH; (I1): formation enthalpy

3.3. Mechanical strength

Two assays were performed to know the mechanical
behavior of the cement as a function of the HAp
concentration. Moreover, in the other case, to know
the dependence on the concentration simultaneously
with the blocks thermally treated around to the glass
transition temperature. Figures 6(a) and 6(b)
depicted the strength profiles to compression on the
composite as a function of theirs x, X; (i=1-5)
concentrations in the PMMA+HAp system. A
geometric factor was considered for each block with
concentration [Xy].

The Table 5 summarizes compressive strength (CS)
respect to HAp concentration on the binary system
also shows the glass transition Ty for each sample.
Glass transition temperature and the mass losses
were relatively stable for the concentrations [x] at
0.0 up 0.5. This thermodynamic characteristic for
each concentration allows to evaluate the
mechanical behavior among all samples in a
standard way.

Compression Test Curves
(1-x)PMMA-xHAp System |
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Figure 6. Compression profiles for the mechanical assay
on the blocks with x; (i=1-5) concentrations of the (1-
X)PMMA-xHAp binary system, where (a) PMMA+HAp
polymerized system without thermal treatment with a
fracture domain at 0.30 — 0,42 % compression strain; and
(b) PMMA+HAp polymerized system with thermal
treatment of 30 min at Ty glass transition temperature.

Table 5. Thermo-mechanical properties of (1-x)PMMA-
XHAp System.

Ix] T, TGA CS CSwith T

& [’C]1 M. loss[%] [MPa] [MPa]

X, 0.00000 101,68 4.02 64.44 84.00
X, 0.02167 105,84 6.80 60.45 82.77
X; 0.09062 103,52 4.33 87.60 70.13
X, 0.16619 95,89 4.89 41.40 70.07

X5 0.50000 105,90 <1 19.50 1.71-7.37
Xg 1.00000 ------ <1 mmmee eeeooe-
* Cortical or 167-213 -------

compact bone

**  Trabeculae or
Spongy Bone

* and ** cited by Caeiro et al. [18]; CS—Compressive
Strength;.
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For high concentrations of the polymer, taking into
account that the long ball-shaped carbon chains
induce a high degree of intricacy, due to the
covalent carbon bond formation. When the strain
ratio exceeds the elastic region in samples with high
polymer content, there is an irreversible spatial
redistribution (permanent strain) of these covalent
bonds until the sample's breaking point is reached.
In accordance with the foregoing, the necessary
energy that is applied to reach the fracture point
where these redistributions of bonds occur, mainly
for cement samples with high polymer content, in
such a way that the plastic region increases and
therefore its toughness resilience are higher.

For high amorphous HAp bioceramic concentrations
in the test blocks, all positions of the bioceramic
lattice includes Calcium, phosphate and hydroxyl
groups joined low-energy bond which made it less
intricacy structurally respect to polymer. About Xs
concentration, both the toughness and resilience is
low because the area under curve is smaller,
according with the structural and chemical
arguments presented above over this bone cement.
The compressive strength was studied on two
groups of test blocks. The group without pre-heating
showed high compressive strength while the group
with pre-heating to T, had a tendency with less
plasticity region thus low toughness.

3.4. Stereo surface images for PMMA+HAp
system samples

The Figure 7 shows images of the PMMA block
surface without thermal treatment (x,) Fig 7(a) and
of a block with the highest concentration of HAp
(xs) with thermal treatment to T, temperature as is
presented in Fig 7(b).

(b)

Figure 7. Stereoscopic images of the block surfaces,
where (a) to PMMA only or x; concentration without
thermal treatment; (b) to x5 concentration parameter with
thermal treatment for 30 min at the T, glass transition
temperature.

The binary PMMA+HAp system under study has
been based on several commercial bone cements
with a higher HAp’s concentration in some samples.
The PMMA polymerization is made with two
products, a liquid presentation composed of dimers
and other presentation in powder made by PMMA
microparticles with a size between 30 to 80
micrometers. The polymerization process occurs by
aggregation between monomers and PMMA
microparticles to join each other forming amorphous
sequential chain. At our PMMA+HAp composite
preparation, the water solution modulated the
heterogeneous phases of acrylic resulting in an
increase in  polymerization time (PT). The
instrumentation and material cooling procedure also
increased the PT due to the reduction on the
intensity of the polymerizing effect that is
proportional to the room temperature.
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The pores’ production in situ is very hard since
these must follow a random pattern or anisotropic
according to where the implant is located. The
pores’ production was understood as spontaneous
defect in the material. The pores should be
connected or have thin walls in which fluid can be
diffused, allowing the plasma and bone marrow
diffusions, in which angiogenesis and other
vascularization processes should be performed
facilitating all the natural biological phenomenon.
This is very important to emphasize since all the
thermal profiles were normalized with the maximum
thermal power to evaluate how the present
anomalies behave as a concentration’s function on
the bone cement. Another important aspect on the
DSC analysis was to confirm the existence of a T,
glass transition in the temperature range that has
already been mentioned by other researchers [13],
which shall bring the question how the mechanical
properties in the compound are varying when it has
been treated thermally.

TGA analysis Fig 3 suggests the possibility to
increase the polymorphic characteristics of the
binary system with respect to promoting more
defects associated with its porosity. Some reactions
with gas-releasing start after the glass transition
where the polymer chains interact with (OH),
producing water vapor and CO,. These low mass
losses depicted in Fig 2(b) confirm that calcium
biophosphonates are only in the heterogeneous
phase in the system which reduces the gas-releasing
process due to the interaction with (OH)™ groups and
the polymer. The polymerized mixture in Fig 3(b)
remains a much more intricate heterogeneous
composite between calcium biophosphonates and
polymer chains.

Considering the mechanical strength depicted in Fig
6(a), the region between the dotted lines shows a
tentative to define the strain domain where the
fracture on the material occurred. In principle, the
modulus of compressive strength decreases with
increasing HAp’s concentration. In the Fig 6(b)
observe that the plastic region is smaller for the
concentrations X4 and Xxs, whereby it becomes clear
that the material is more fragile. This is important to
recall because the blocks were heated to the glass
transition temperature in order to respond the
guestion about how is the mechanical feature for the
material after glass-transition temperature treatment.
The Compressive Strength (CS) for the block of x;

concentration parameter was one-third of the CS
mean values to human cortical bone; while it was
15-fold for x; and 4-fold for x5 higher to mean value
to the human spongy bone. For the blocks with
thermal treatment, the CS presents close to 30 %
higher that without thermal treatment; although, for
the concentration xs the CS values is in the range of
the spongy bone tissue. Fig 7 shows the blocks
surface morphology such that in Fig 7(a)
corresponding to x; concentration sample presents
no pore and Fig 7(b) is block corresponding to Xs
concentration sample shows pore production in-situ
with large size.

4. CONCLUSIONS

In this study, it was possible to establish a direct
relationship between the thermoplastic properties of
the PMMA+HAp acrylic system and its mechanical
properties so that changes as a function of the
biophosphate concentration. The HAp concentration
of the compound can be used to optimize its
mechanical qualities for the purpose of a desired
biomedical application. The biomechanical results
for the concentration xs presented Compressive
Strength values between 1.71 — 7.37 MPa such that
there are similarity to porous bone studied by Caeiro
et. al with values between 1.5 — 9.3 MPa according
to Table 5 [18]. The greatest innovation reached in
this work was to improve bone cement syntheses
through the biochemical properties use to increase
the porosity of the material reaching a range such
that the bone marrow diffusion could occur more
easily. An increase in the HAp amorphous
polycrystalline structure favors the segregation
interactions in different segments of the PMMA
polymer due to its hydrophobic nature similar to the
reactions among amphiphilic molecules and water.
The pores' size is perceptible to the human eye very
close to those found in the trabecular bone tissue
itself. This phenomenon was optimized with the
thermal treatment carried out on the samples at the
glass transition temperature close to 102.57 °C. On
the other hand, the possible dehydration reactions
occurred in the material improving the formation of
more pores and with larger size due to the release of
water and CO; in the heterogeneous mixture.
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