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Abstract
Polyacrylamide acrylonitrile magnesium silicate {P(Am-AN)-MgSi} & polyacrylamide acrylic acid magnesium silicate {P(Am-
AA)-MgSi} hybrid composites were fabricated utilizing gamma-radiation polymerization initiated about 30 kGy. Different types
of dosimetric radiation-induced polymeric composites were irradiated by cesium-137 gamma-ray dose to show its possibility for
use as a thermoluminescence dosimeter. The prepared polymeric composites showed useful properties such as good dosimetric
and thermal stability behaviors. The mechanical behavior of the samples was measured non-destructively by the ultrasonic pulse-
echo technique. It was found that the addition of P(Am-AA) with higher elastic moduli to MgSi with lower ones are produced in
the {P(Am-AA)-MgSi} composite sample with a midway value for Young’s modulus of 7.13 GPa and shear modulus of 2.71
GPa. Dissimilar in the {P(Am-AN)-MgSi} composite sample, it shows a significantly improved behavior as Young’s modulus
recorded 9.32 GPa and shear modulus 3.61 GPa. Similarly, the microhardness recorded 0.328 GPa and 0.518 GPa a the
composites {P(Am-AN)-MgSi} & {P(Am-AA)-MgSi}. As a thermoluminescence dosimeter, various characteristics were stud-
ied for these types of polymers. Specific ultrasonic properties were also tested for TL dosimetric properties in different polymers.
An insertion of MgSi into P(Am-AN) & P(Am-AA) has indeed been found to increase TL response and lead to good properties
being acquired.
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1 Introduction

Thermoluminescence (TL) is the instinctive emission of light
by a material when it is heated. This material was previously
exposed by ionizing radiation such as γ-rays, X-rays, etc.,
where the ionizing radiation established traps and voids to
the material and filled them energy presented as electrons
and holes. When applying heat to this material, the electrons
and holes migrate freely in the material lattice till they recom-
bine or fill other traps and resulting photon emission. The

materials can present a peak of the emitted light intensity
(ITL) by changing the material’s temperature together with a
linear increase of the maximum peak height with increasing
the irradiation dose could be used as a dosimeter. Therefore, to
measure the absorbed dose by a dosimeter, a calibration curve
between ITL and the absorbed dose is required.

M. Mirzayev et al. [1] investigated the effect of gamma
irradiation on the surface morphology and crystalline structure
of boron carbide (B4C). The results indicate the amorphous
phase in B4C structure has increased with gamma irradiation,
which is due to the weakening of the C–C bonds with respect
to the B–C bonds. M. Mirzayev [2] studied the effect of Co60

gamma irradiation on the oxidation kinetics of the ultra-pure
boron carbide ceramic. He found a rise in the activation ener-
gy from 99.6 J.mol− 1 to 102.9 J.mol− 1 with an increase in the
irradiation dose from 5⋅106 to 2⋅107 Mrad. In the same man-
ner, the silicide hexaboride [3] has shown a good thermolu-
minescence response as the activation energy is inversely pro-
portional with the γ-ray irradiation dose, which also affects the
lattice volume.
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Nowadays, many types of research showing the dosimetric
effect of low absorbed doses in different materials as utiliza-
tion for the new materials [4, 5]. The thermoluminescent (TL)
properties of polymers have been widely studied [6, 7]. The
grafted polymer is commonly employed as radiation dosime-
try measurement material because of its higher sensitivity,
resistivity to radiation damage [8]. Moreover, it can be used
to reflect a high spatial resolution in very small sizes. It has
been reported for dosimetric characteristics of different dia-
mond samples as well [8]. Grafted polymers, after exposure to
a cesium-137 gamma irradiation beam, revealed an excellent
TL sensitivity. The dose-response is linear until 3 Gy. Due to
high thermal fading, which is caused by the presence of lower-
temperature peaks in glow curves, the need has arisen to seek
new materials with different defect types. A group of
radiation-induced polymer samples was studied to detect the
TL response with better accuracy. The dosimetric characteri-
zation of suggested polymers contains the TL response as
dose-dependence integral values and peak heights, the radia-
tion energy dependent on the TL response, and the thermal
fading process [9].

The particular control of electrons and photons from outer
sources is accomplished by [6, 7], and it is regarded as one of
the uses of thermoluminescence for dosimetry. One can con-
clude many error sources that can judge the accuracy and
precision in calculating the dose under a definite geometrical
state [10]. Uses of irradiated 60Co gamma-ray dose solar cells
were achieved and revolved that the monocrystalline silicon
solar cell system is considered to be a substantial material for
the determination of gamma dosimetry due to the improve-
ment in the TL response [10]. Also, the different uncertainty
sources in radiation dosimetry were analyzed, which conclud-
ed that: expanded uncertainty value at a 95% confidence level
has to gather with the TL response measurement values to
obtain correct doses [10, 11].

Thematerial’s mechanical properties are often fundamental
in research to determine the material’s best use in applications.
The traditional way to determine such properties needs a sam-
ple with unique dimensions and causes material changes as it
is destructive testing such as flexural and tensile testing.
Moreover, many materials are inline in a production process
like polymers. Most polymers are characterized by time-
dependent mechanical properties and need to be determined
non-destructively [12]. However, ultrasonic techniques are
widely used to investigate the material’s mechanical proper-
ties based on the wave’s speed propagate inside it [13]. The
ultrasonic technique’s advantages can be concluded as inline
operation, low cost, and flexibility with test sample geometry.

Moreover, the experiment results showed that thermolumi-
nescence tellurite examination demonstrated that a tellurite’s
potential can be used as a material for gamma-ray thermolu-
minescence [14] and is beneficial at radiation doses used for
therapeutic purposes [15]. This study target is to better

understand the response of polymer composites prepared by
gamma radiation at 30 kGy with and without added MgSi to
gamma radiation dose measurements to check the possibility
of using these mentioned polymers as a gamma radiation do-
simeter. The materials used in this paper were used previously
for various uses, such as toxic metal ions removal from indus-
trial & radioactive waste [16] and optical bandgap enhance-
ment [17].

2 Experimental

2.1 Materials

MgCl2.6H2O; 99%, Na2SiO3, 99%, and acrylamide solution;
40% (Am: C3H5NO), (Alpha Chemika, India), acrylonitrile
solution; 0.5 mg/mL in methanol (AN: C3H3N), and acrylic
acid; 99% (AA: C3H4O2), (Merck, Germany) and acetone;
99.5 % (Aldrich, Germany). All chemicals were analytical
grade and used without further purification with a micro-
scale in size. Distilled water was utilized for preparing com-
posites and solutions used.

2.2 Gamma Cell

A radiation source Co60 gamma cell (Category MC-20,
Russia), located at Cyclotron Project, Inshas, Egypt, was used
for polymerization. At 25 ± 1 °C, a sample was irradiated. A
source of irradiation has a dosage rate of 460.7 Gy/h.

2.3 Methods

Magnesium silicate was provided by an additional drop of
0.1 M Na2SiO3 solution to 0.1 MMgCl2.6H2O in this sample,
which has a volumetric ratio of Mg/Si = 1.5 at constant agita-
tion at 25 ± 1 °C. A precipitate was washed away with diluted
HNO3 to remove Cl− and impurities. A precipitate was then
re-washed with deionized water to extract NO3

−. It was fil-
tered, then washed in deionized water several times. A precip-
itate was dehydrated overnight at about 50–60 °C and sewn to
achieve a uniform particle size [17].

By dropwise addition with volumetric ratio equal unity to
acquire (Am +AN)& (Am +AA) co-monomers, a solution of
Am monomer was combined with a solution of AN and AA.
(Am +AN) and (Am + AA) co-monomers were then com-
bined dropwise with solutions of 0.1 M Na2SiO3 and 0.1 M
MgCl2.6H2O. A volumetric ratio was adjusted to 1:1:1.5:1 for
(Am-AN-Mg-Si) & (Am-AA-Mg-Si). A mixture was pro-
duced by agitating for 3 h at 30 °C. To obtain the P(Am-
AN), P(Am-AA), {P(Am-AN)-MgSi} and {P(Am-AA)-
MgSi} composites, these co-monomers were subjected to
gamma irradiation at 30 kGy over a time of about 65 h and
normal temperature. After irradiation, a resultant hydrogel
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was crushed into small fragments followed by agitation with
acetone to eliminate unreacted compounds and dried at 60 °C.

2.4 Characterization

On a spectrometer model 2000 FTIR, Perkin Elmer
Corporation, USA, IR spectra were analyzed at 400–
4000 cm− 1. The sample micrographs were investigated via
field emission SEM (model JSM-5400, JEOL Instrument,
Japan). The FESEM was operated under an accelerating volt-
age of 10 kV. Each sample’s powder has been mixed using
agate mortar for 30 min to ensure homogeneous distribution
of the initial compounds. For the mechanical and compactness
investigations, the mixed powders were pressed using a uni-
axial press at 15 tons for 2 min each. The compressed disks
were exposed to high-power ultrasonic waves using (Branson
450 digital signifier) in silicon oil for 20 min at 40 W. The
mechanical properties were studied non-destructively before
and after the exposer to investigate the effect of beating high-
power sound waves and cavitation on the prepared samples.
The mechanical performance of prepared samples was mea-
sured using the ultrasonic pulse-echo technique (UT) using
(USN60 flaw detector) based on the determination of both
longitudinal (L) and shear (vS) wave velocities inside the sam-
ples. The flaw detector, with a transducer connected to it, can
measure the ultrasonic waves traveling time (Δt); 4 MHz
transducer (Karl Deutsch S12-HB4) for longitudinal waves
and 2 MHz (KrautKramer K2KY) for shear waves. Using
the sample thickness (h), the velocity can be calculated using
v = 2 h/Δt. The longitudinal modulus (L), shear modulus (G),
Young’s modulus (E), bulk modulus (K), microhardness (H),
and Poisson’s ratio (ν) can be calculated using the following
equations [18, 19]

L ¼ ρv2L; ð1Þ
G ¼ ρv2S ; ð2Þ

K ¼ L� 4G
3

; ð3Þ

E ¼ ð1þ �Þ2G; ð4Þ

H ¼ ð1� 2�ÞE
6ð1þ �Þ and ð5Þ

n ¼ L� 2G
2ðL� GÞ ð6Þ

where ρ is the density of samples.
The planchet heating Harshaw 4500 Reader method is

used for measuring The TL response. A stainless steel
crucible that is in contact with the sample is used to heat
the samples; the monitoring of the temperature was done
by placing the thermocouple in close interaction with the
sample holder. Samples are heated with a heating rate of

2 °C/s inside a temperature range from 50 °C up to
400 °C after irradiation. The used technique to verify
the complete formation of the sample with no extra heat
treatment is required [8]. The dosimetric properties were
achieved with (cesium 137) photons source at the
National Institute of standards, Egypt. The IAEA code
of practice is used for dose determination [20, 21], with
an expanded uncertainty of about 2 %.

3 Results and Discussion

3.1 FTIR

Figure 1. shows the IR spectra of MgSi, P(Am-AN), P(Am-
AA), {P(Am-AN)-MgSi} & {P(Am-AA)-MgSi} composites.
Six characteristic bands, were noted for MgSi. ~ 3150–3670,
and ~ 1652 for stretching & bending vibration of water & OH
absorbed on MgSi [16, 22]. ~ 1000–1100, for (Mg-O) [23,
24]. ~ 903, for Mg-OH deformation vibration [25]. ~ 640 &
470 cm− 1 are agreed to Si-O-Mg & Si-O-Si bending vibra-
tions, respectively [26] as in Table 1.

IR spectra for P(Am-AN) & {P(Am-AN)-MgSi} compos-
ites fabricated at 30 kGy show that two bands appeared at
3340–3450 & 3195 cm− 1 for a stretching vibration for N-H
of acrylamide & H-O-H, respectively [27, 28]. (2935 &
2875 cm− 1) and (1450 & 1409 cm− 1) to stretching & bending
vibrations for asymmetric & symmetric CH2 of acrylamide &
acrylonitrile, respectively [28–31]. 2244 cm− 1 for C ≡N of
acrylonitrile [29, 30]. 1665 cm− 1 for C = O of amide I [32].
1605 cm− 1 for the C-N-H bond of acrylamide bending [32].
1182 & 1120 cm− 1 to asymmetric and symmetric C-N the
bending vibration [28, 29]. 1040, 905, 636 & 460 cm− 1 for
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Fig. 1 IR spectra of (A) MgSi, P(Am-AN), and {P(Am-AN)-MgSi}
composites and (B) MgSi, P(Am-AA), and {P(Am-AA)-MgSi}
composites
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{P(Am-AN)-MgSi} to Si-O [33, 34] or Si-O-Si [35], Si-OH
deformation vibration [16, 26] or Si-CH2, Si-O-Mg [16, 26]
and Si-H [35], respectively. A fourth later absorption bands
confirmed that impregnation of Mg & Si in a structure of
polymeric resin.

Figure 1 show IR spectra for P(Am-AA) & {P(Am-AA)-
MgSi} composites produced at 30 kGy. Bands appeared at
3450 & 3354 cm− 1 to N-H & O-H stretching vibration [36,
37]. (2950 & 2870 cm− 1) and (1450 & 1370 cm− 1) to
stretching & bending vibrations of asymmetric & symmetric
CH2 of acrylamide & acrylic acid [38]. 1720 cm− 1 to amide I
[39]. 1550 cm− 1 to O-H bending [32]. 1213 and 1022 cm− 1 to
asymmetric & symmetric C-N of acrylamide bending [31].
Such bands present in {P(Am-AA)-MgSi} composite indi-
cates a good interaction of MgSi with P(Am-AA). 1104,
793, 611 & 465 cm− 1, to Si-O [16, 33] or Si-O-Si, Si-OH
deformation vibration [16, 26] or Si–C transverse optical
mode, Si-O-Mg [16, 26], and Si-H, respectively [35]. A fourth
later absorption bands confirmed that impregnation of Mg &
Si in a structure of polymeric resin. Such spectra showed good
interactions of MgSi with P(Am-AN) & P(Am-AA)
composites.

3.2 Morphological Features

The surface micrographs of the samples are observed in Fig. 2.
It can be observed that well-mixed MgSi particles in the poly-
meric samples. A minimal amount of porosity might be no-
ticed, whereas grains lean towards being fused between the
grain boundaries. The samples of {P(Am-AA)-MgSi} &
{P(Am-AN)-MgSi} were constituted as accumulated grains
with a high variation of grain dimensions. The polymer grains
appear to be decorated with crystals-like particles embedded
within the polymeric grains. These particles may be assigned

to the MgSi existence. Besides, we can notice that some ag-
glomerated grains of MgSi crystalline particles are shown on
the surface of the polymer grains. Figure 2(b,c) expresses the
smoothness and homogeneity of the polymers of P(Am-AA)
& P(Am-AN).

3.3 Ultrasonic Mechanical Characterization

The prepared samples’ mechanical behavior was studied by
the UT technique, and the results are presented in Fig. 3. The
longitudinal, shear, Young’s, and bulk moduli show the
highest values of 12.22, 3.61, 7.41, and 9.32 GPa for the
{P(Am-AN)-MgSi} sample compared to the other samples.
This effect might be attributed to the good interfacial connec-
tions at the grain level between MgSi and P(Am-AN). The
effect of mixing P(Am-AA) with higher E and G moduli of
7.89 and 3.10 GPa to MgSi with lower E and G of 5.31, and
2.04 GPa are presented in the {P(Am-AA)-MgSi} sample and
reveals a midway of 7.13, and 2.71 GPa for E and G. Unlike
the mixture of MgSi to P(Am-AN) the E and G shows an
improved behavior for the {P(Am-AN)-MgSi} sample. The
same behavior is represented for the microhardness of the
samples with the highest value of 0.505 GPa for {P(Am-
AN)-MgSi} sample compared to 0.269 & 0.274 for MgSi &
P(Am-AN) initial component. The {P(Am-AN)-MgSi} mi-
crohardness performance might be explained by the best dis-
persion of MgSi in the P(Am-AA) polymer and resulting in
lower porosity. From the results shown in Table 2, the com-
posite contains P(Am-AN) has higher mechanical behavior
than the composite contains P(Am-AA), while the neat poly-
mers are not the same case [13]. The neat polymer of P(Am-
AA) has shown a higher module than the P(Am-AN) due to its
higher density of P(Am-AA) compared to P(Am-AN). A
higher elastic modulus should present for the denser materials.

Table 1 Assignments of IR bands
(cm− 1) of MgSi, P(Am-AN),
P(Am-AA), {P(Am-AN)-MgSi}
& {P(Am-AA)-MgSi}
composites

Wavenumber (cm−1) Assignments References

3340–3450 γ N-H [27, 28]

3150–3670 γ OH and γ. H2O [27, 28]

2935,2875 γ CH2 (asymmetric and symmetric) [28–31]

2244 γ C≡N [29, 30]

1665 C=O in the amide I [32]

1652 δ. H2O [16, 22]

1605 δ. C-N-H [32]

1605,1571 δ. C-N-H (asymmetric and symmetric) [32]

1450,1409 δ. Of C-H in CH2 (asymmetric and symmetric) [28–31]

1182,1120 δ. C-N (asymmetric and symmetric) [28, 29]

1000–1100 δ. (Si-O) or Si-O-Si [33–35]

903 δ. Si-OH or Si-CH2 [16, 26, 35]

640 δ. Si–O–Mg [16, 26]

470 δ. Si-H [35]
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Fig. 2 SEM micrographs of (a)
MgSi, (b) P(Am-AA), (c) P(Am-
AN), (d) {P(Am-AA)-MgSi},
and (e) {P(Am-AN)-MgSi}
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Nevertheless, because of porosity or material defects, the
composites of both polymers got reverse behavior. The poros-
ity increases the internal stress in spotted areas inside the ma-
terials [18].

The compressed discs compatibility was investigated in
terms of mechanical behavior before and after hitting with
40 W high power ultrasonic waves for 10 min each. We used
silicon oil as a coupling media. The high-power waves might
disintegrate the particles on the surface and near the surface.
Also, it might cause a sample deformation. As shown in
Fig. 3; Table 3, the elastic module, Poison’s ratio, and micro-
hardness remain within the standard deviation variation of the
before exposure data. This indicates the discs are compatible
and can resist the mechanical reaction caused by the high
power coercivity, and can be utilized for radiation dosimetry.

3.4 Thermoluminescence Dosimetry

Figure 4 represents the characteristics of glow curves
for the prepared samples at different irradiated doses
from 0.5 Gy up to 2 Gy. Figure 4a shows a strong
glow peak for MgSi arises at 205 °C without any
changes in the peak location when different applied
doses, which suggested this peak for detecting and mon-
itoring the doses. TL response enhanced after added

MgSi to (Am-AA) to form {P(Am-AA)-MgSi} com-
pounds; this may have resulted from the creation of
wide traps area, which is responsible for response incre-
ment as shown in Fig. 4d. The intense glow peak arises
at 205 °C without any location movements with differ-
ent doses, suggesting this peak for monitoring the doses
[22]. TL response enhanced but little less than {P(Am-
AA)-MgSi} after added MgSi to (Am-AN) to form
{P(Am-AN)-MgSi} compounds, this may be attributed
to the creation of wide traps area, which is responsible
for the increased of response. A strong glow peak arises
at 230 °C without any changes in the location with
different doses, which suggested this peak for monitor-
ing the doses. A strong glow peak arises at 225 °C
without any changes in the location with different
doses, which suggested this peak for monitoring the
doses as in Fig. 4b for sample P(Am-AA).

The relations of the integral value of the TL-response
for different testing materials are presented in Fig. 5.
From the relations, we could find the individual poly-
mer has lower doses response than the combined sys-
tem, which enhances the integral value of the TL-
response after combination with magnesium silicate.
Consequently, Fig. 6 displays the relation of the peak
height value of the TL-response for different testing
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Fig. 3 The variation of the
ultrasonic mechanical properties
for all samples before (plain color
columns) and after (patterned
color columns) exposure with
high power ultrasonic waves

Table 2 The variation of ultrasonic mechanical properties of prepared samples

Samples L (GPa) G (GPa) K (GPa) E (GPa) ν H (GPa)

MgSi 7.20±0.253 2.04±0.047 4.48±0.037 5.31±0.094 0.30±0.002 0.27±0.007

P(Am-AA) 9.91±0.065 3.10±0.033 5.77±0.06 7.89±0.068 0.27±0.003 0.47±0.011

P(Am-AN) 10.06±0.391 2.49±0.025 6.73±0.389 6.66±0.077 0.34±0.010 0.27±0.017

{P(Am-AA)-MgSi} 10.02±0.173 2.71±0.018 6.41±0.19 7.13±0.028 0.32±0.006 0.34±0.012

{P(Am-AN)-MgSi} 12.22±0.128 3.61±0.028 7.41±0.139 9.32±0.057 0.29±0.004 0.51±0.013
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materials. The individual polymer has a lower dose-
response than the combined system, which enhances
the peak height value after combination with magnesium
silicate. The lowest value is for MgSi then P(Am-AA)

then P(Am-AN) then {P(Am-AA)-MgSi} & {P(Am-
AN)-MgSi}[10]. The combination was affecting the re-
sponse of both the height TL-response and integral val-
ue due to a combination of different traps to a

Table 3 The mechanical
properties of prepared samples
after exposure with high power
ultrasonic waves

Samples L (GPa) G (GPa) K (GPa) E (GPa) ν H (GPa)

MgSi 7.24 2.07 4.48 5.38 0.300 0.277

P(Am-AA) 9.93 3.11 5.78 7.91 0.272 0.472

P(Am-AN) 9.61 2.52 6.25 6.65 0.323 0.297

{P(Am-AA)-MgSi} 10.13 2.70 6.53 7.12 0.318 0.328

{P(Am-AN)-MgSi} 12.14 3.64 7.29 9.35 0.286 0.518
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Fig. 4 The different glow curves of thermoluminescence of different doses for (a)MgSi, (b) P(Am-AA), (c) P(Am-AN), (d) {P(Am-AA)-MgSi}, and (e)
{P(Am-AN)-MgSi}
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confirmed wide area of traps suitable to probabilistic
combination higher response.

Figure 7a represents the relationship between the fading
time and the percentage TL intensity (%) for different poly-
meric materials [8]. The figure showed that the more fading
polymeric material was P(AM-AN) and the less fading poly-
meric material one was P(Am-AA); when the glassy material
added to the polymeric substance, the fading for {P(Am-AN)-
MgSi} became less value, and this may be attributed to more
deep traps created which resulted in the more stability of read-
ing and this what is needed and required for the personnel
dosimetry. Figure 7b represents the relationship of different
energy in keV and the relative TL intensity (%) for different
polymeric materials [10]. While energy changing, the re-
sponse for all polymeric materials doesn’t show a remarkable
change in relative TL response even after added the glassy
material to the polymeric substances. As known, the

polymeric dosimetric materials should have energy-
independent properties. i.e., no remarkable change in response
even radiation energy changed so that all the polymeric mate-
rials under study were nominated to be dosimetric materials
classes.

4 Conclusions

From previous results, a precipitation method was used to
prepare MgSi. P(Am-AN), P(Am-AA), {P(Am-AN)-MgSi}
& {P(Am-AA)-MgSi} composites have been prepared by
30 kGy gamma radiation dose subjected to co-monomers of
Am, AN & AA for polymerization. The IR analysis data con-
firm the Mg & Si impregnation in the polymeric structure.
From the test results, we can conclude that the samples show
decent compatibility as they resist high-power ultrasonic me-
chanical wave deformations. Polymer composites are recom-
mended to measure low gamma radiation dosed due to its
good TL response of polymer samples after satisfied many
of the requirements necessary for radiation dosimetry. Also,
it could be concluded that when gamma dosimeter such as
{P(Am-AA)-MgSi} & {P(Am-AN)-MgSi}is used for
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measurements of the absorbed gamma dose, attention must be
paid to the enhancement of TL response when combination
occurred between the MgSi and the selected polymer. The
polymers under study have adequate TL properties making
them appropriate for gamma radiation dosimetric usage.
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