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Abstract 

Gamma rays is widely used in modern science and technology, but it may cause health damage to practitioners. In 
the present study, natural composites based on leather and high-Z elements (atomic number ≥ 56) were fabricated 
and used as gamma rays shielding materials. These shielding materials were prepared by coating rare earth nano-
particles (Er2O3 or La2O3) onto the surface of natural leather, which was first impregnated with Bi3+ and Ba2+. Results 
show that the attenuation efficiency of the prepared Er1.31Bi5.46-NL (1.31 and 5.46 mmol cm−3 loaded elements) with 
thickness of 3.2 mm was 61.57% for incident rays at 121.78 keV (152Eu) and reached 96.4% in the incident of 59.5 keV 
(241Am), which is comparable to that of 0.25-mm lead plate (54.54 mmol cm−3). In addition, these natural-leather-
based shielding materials exhibited low density (approximately 1/10 of Pb), high strength and wearable behaviors.

Keywords:  Gamma rays, Natural leather, High-Z elements, Rare earth elements, Nanoparticles, Wearability, 
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1  Introduction
In recent years, gamma rays have been widely used in dif-
ferent fields, such as industrial flaw detection [1], medi-
cal imaging [2] and radiotherapy [3]. However, its leakage 
may cause potential harm to human beings. Ions pro-
duced by gamma-ray ionization can destroy many human 
cellular macromolecules such as DNA, lipids, and pro-
teins, causing a series of serious diseases [4]. Therefore, 
ray radiation protection materials with satisfied shielding 
performance should be developed for the safety utiliza-
tion of gamma rays.

The photoelectric effect (for Eγ < 400  keV, 
Eγ photon energy), Compton scattering (for 
400  keV < Eγ < 1.022  MeV), and pair production (for 
Eγ > 1.022 MeV), which are the main interactions between 
gamma rays and substance, transfer part or all of the 
energy from photons to electrons [5]. Apart from the 

energy of incident gamma rays, the attenuation perfor-
mance of the material is related to the atomic number 
and dosage of high Z elements [6–8]. A high-Z element 
(atomic number > 56) is likely to interact with incident 
gamma photons to produce photoelectric effect, because 
the tighter electrons are bound by the atom, making it 
easier for the nucleus to participate in the photoelectric 
process to meet the requirements of energy and momen-
tum conservation. The photoelectric effect (σph) is greatly 
related with atomic number of substance and gamma pho-
tons energy (σph ∝ Z

4

hυ
 ). The Compton effect occurs between 

gamma photons and free electrons, and the Compton scat-
tering cross section (σc, the probability of Compton scat-
tering between matter and gamma photons) is related to 
the atomic number of the substance and gamma photons 
energy (σc ∝ Z

hυ
 ). Therefore, the energy of gamma pho-

tons can be well attenuated when the high-Z element is 



Page 3 of 11Shen et al. Journal of Leather Science and Engineering            (2022) 4:15 	

incorporated into materials. Traditionally, concrete [9, 10], 
lead glass [11, 12], and other materials containing heavy 
elements are applied to shield gamma rays, and they have 
the advantages of easy availability of raw materials and low 
cost. However, these materials are too heavy to be trans-
ported and cannot be used for the protection of mov-
ing targets. Lead is commonly used as shielding materials 
because its high density (ρ = 11.3 g cm−3) and high atomic 
number (Z = 82), but lead has biologically toxicity and 
has weak absorption area (40–80  keV) [13]. To prepare 
shielding materials for the moving targets, researchers 
conducted extensive research and development of flexible 
materials. Ahmed et  al. incorporated 88.1  wt.% of micro 
tungsten powder with silicone by a room temperature vul-
canized method to prepare flexible silicone/tungsten, and 
the mass attenuation coefficient was 0.1035 cm2 g−1 in the 
incident of 661  keV [14]. Canel et  al. prepared an epoxy 
resin containing iron, bismuth, tantalum, and tungsten 
carbide for gamma rays shielding [15], and the linear atten-
uation coefficient of tungsten-powder-filled epoxy resin 
was 0.27 cm−1 for 60Co.

Natural leather is a wearable material with three-
dimensional fiber network woven structure. Three pol-
ypeptide chains (called α chains) make up the collagen 
molecule, which is the basic building block of natural 
leather. Collagen molecules further form collagen fiber, 
collagen fiber bundle, and eventually a multi-level 
structure of fibrous network [16, 17]. In addition, vari-
ous active groups on collagen molecules (e.g., –COOH 
and –NH2) result in the excellent feature of natural 
leather to bond with many meatal ions [18]. Therefore, 
high-Z elements will be uniformly bonded with natural 
leather. Considering its multi-level structure of fibrous 
network, the photons will undergo multiple collisions 
with high-Z elements in natural leather, thus enhanc-
ing the photons energy attenuation, and resulting in the 
excellent shielding performances for the gamma rays.

In the present work, we designed a multilayered high-
performance gamma-ray shielding material (RZ-NL) 
based on natural leather. For the preparation of RZ-NL, 
natural leather was first impregned with high-Z metal 
ions (Z-NL), and further coated with rare earth nano-
particles (RZ-NL) to enhance the gamma-ray attenu-
ation ability. When gamma photons pass through the 
prepared shielding material, rare earth elements in the 
coating layer will first collide with the gamma photons 
and decay their energy, and then Z-NL acts as a sec-
ond attenuation layer to further reduce photons energy. 
Accordingly, wearable materials with outstanding 
gamma-ray attenuation performance shielding materi-
als will be obtained.

2 � Experimental section
2.1 � Materials
Ammonium bismuth citrate (99%, BiX(NH3)XC6H7O7), 
barium acetate (99%, (CH3COO)2Ba), and tannic acid 
(95%, C76H52O46) were provided by Aladdin Biochemi-
cal Technology Co., Ltd. Erbium oxide nanoparticles 
(99.99%, 50  nm, Er2O3) were obtained from Nanuo 
Technology Co., Ltd (Guangzhou, China), while lantha-
num oxide nanoparticles (99.99%, 50  nm, La2O3) were 
obtained from Macklin Biochemical Co., Ltd (Shang-
hai, China). Acrylic resin (21–23  wt.%, RA K1901) was 
obtained from Dowell Science & Technology Co., Ltd 
(Sichuan, China). Chrome tanned leather (0.8  mm in 
thickness) was supplied by Ruixing Leather Co., Ltd 
(Zhejiang, China). The 0.25-mm lead plate was obtained 
from Xingye Metal Materials Co., Ltd (Zhejiang, China).

2.2 � Sample preparation
The preparation process of RZ-NL was optimized as 
follows:

(1)	 Preparation of Z-NL. Z-NL was prepared by “equiv-
alent-volume impregnation method”. First, the pre-
dehydrated chrome tanned leather (NL) was cut 
into 100 mm × 100 mm × 0.8 mm section, and then 
immersed in an equal volume solution contain-
ing 21.48 mmol Bi3+ and Ba2+. After 2 h reaction, 
the Z-NL was obtained by air drying. Accordingly, 
a series of Zx-NL containing different high-Z ele-
ments was prepared, where x was recorded as the 
amount of high-Z element loaded in NL (mmol 
cm−3).

(2)	 Modification of rare earth nano particles (MRE2O3). 
A total of 20.91  mmol nano rare earth oxide par-
ticles (RE2O3) was added into a three-necked flask 
with 24  g ethanol (50 wt.%) and 2  g tannic acid, 
and then reacted at 80 °C for 3 h and MRE2O3 was 
obtained.

(3)	 Preparation of RZ-NL. The modified MRE2O3 was 
mixed with acrylic resin (2:1), and the mixture 
was spray-coated onto the surface of the prepared 
Zx-NL, and RyZx-NL containing different amounts 
of nano RE2O3 and high-Z element was prepared (y 
is the content of RE2O3 coated on natural leather, 
mmol cm−3).

2.3 � Characterization
The morphologies of NL, RE2O3, MRE2O3 and Zx-NL 
were observed by FIB-SEM (Helios G4 UC) and the 
corresponding elemental mappings (Mappings) were 
obtained using the electron back scattering diffraction 
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(EBSD) analysis system (Aztec, Thermo Fisher Scientific 
Inc., USA). The transmission electron microscope pat-
tern images (TEM) of RE2O3 and MRE2O3 were obtained 
using Tecnai G2 F20 S-TWIN (Thermo Fisher Scien-
tific Inc., USA). The stereoscope photos of RZ-NL were 
obtained by stereomicroscopic (CH-9435 Heerbrugg, 
Leica Microsystems Co. Ltd., Germany). The crystal mor-
phology of metal elements was analyzed by X-ray dif-
fraction (XRD, Bruker D8 advance, GE), and the pattern 
was recorded using a Cu source at a scanning speed of 
8°/min. The density of the prepared materials was deter-
mined using a mercury injection pore analyzer (Micro-
Active AutoPore V9600, Mike Instruments Inc., USA). 
Tensile strength (TS1) and tear strength (TS2) were be 
determined using a universal testing machine (AI-700 
S, Gotech Machines Co. Ltd., China). The Fourier trans-
form infrared (FTIR) pattern of the prepared sample was 
recorded via FTIR spectroscopy (Nicolet iS10, Thermo 
Fisher Scientific Inc., USA).

2.4 � Gamma rays shielding performances
Gamma-ray generated by sources were detected using a 
low-background coaxial high-purity germanium detector 
(GEM30P4, ORTEC). Two standard point sources 241Am 
and 137Cs and a multi-gamma-ray source 152Eu were used 
to test the attenuation efficiency (AE) of RZ-NL. Gamma 
photons with energies of 59.6 and 661 keV were generated 
using 241Am and 137Cs, respectively, while 152Eu emits 
photons with energies of 121.78, 244.68 and 344.27 keV. 
RZ-NL was kept at the same height and 12 cm away from 
the gamma-ray source. Each sample was exposed to the 
gamma rays source for 500 s, and the dose accumulation 
was recorded and processed using GammaVision. Con-
sidering that the system error of GammaVision was very 
small and could be ignored at a test time of 500 s, we did 
not set the error value. The AE was calculated using the 
following formula:

where I0 and I represent the counts of initial and pene-
trated gamma-ray at a given time, respectively.

The linear attenuation coefficient and mass attenuation 
coefficient can be calculated as follows:

where µ is the linear attenuation coefficient and µm rep-
resents the mass attenuation coefficient, ρ is the density 
and d is the thickness of sample.

AE =

I0 − I

I0
× 100%

I = I0e
µd

µm =

µ

ρ

3 � Results and discussion
3.1 � Characterization
3.1.1 � Characterization of MRE2O3
A good particle distribution contributes to the high prob-
ability of the attenuation of incident gamma photons [19–
21]. Ultra-disperse particles allow the coherent scattering 
of gamma-ray, subsequently, gamma rays are more atten-
uated by coherent scattering but not by photoelectric 
absorption and Compton scattering [22]. Ultra-disperse 
nano-particles facilitate subsequent spraying opera-
tions, and coating will be flatter. Tannic acid was used to 
modify nanoparticles to decline agglomeration because 
of its remarkable effect on the dispersion and migration 
of nanomaterials in aqueous environments (Fig. 1a) [23, 
24]. The organic layer formation of MRE2O3 is shown 
in the FT-IR spectrum (Fig.  1b). The peaks at 756 and 
1,352  cm−1 are related to the C–H stretching vibration 
of tannic acid, and the peak at 1,209 cm−1 is ascribed to 
the vibration of C=O stretching in tannic acid [25, 26]. In 
comparison with RE2O3, the characteristic peaks of tan-
nic acid were observed for MRE2O3, suggesting that tan-
nic acid has successfully attached on the surface of RE2O3 
and can greatly avoid the aggregation of RE2O3 nano 
particles. Figure  1c shows the dispersion of unmodified 
nanoparticles and tannic acid modified nanoparticles in 
10  wt.% ethyl alcohol at the same concentration. Obvi-
ously, Er2O3 and Bi2O3 nanoparticles settled at the bot-
tom of the bottle via agglomeration. However, MRE2O3 
shows a high degree of dispersion. Considering the pres-
ence of the galloyl groups, many strongly chelating metal 
ions interact with tannic acid to form a five-member ring 
[27]. Besides, MRE2O3 can be fixed on natural leather 
because of the excellent adhesion ability of tannic acid for 
most surface. Figure  1d–g shows the scanning micros-
copy (SEM) images of RE2O3 and MRE2O3. The surface 
morphology of Er2O3 tends to be spherical, while that 
of La2O3 is irregular columnar (Fig. 1d, f ). The modified 
rare earth nanoparticles (MRE2O3) have rougher sur-
faces than before (Fig.  1e, g), showing raised spots over 
nanoparticles. Moreover, RE2O3 has greatly changed the 
microscopic appearance compared with the images of 
MRE2O3 obtained by TEM (Fig.  1h–k). The tannic acid 
film formed at the surface of RE2O3.

3.1.2 � Characterization of RZ‑NL
Field emission SEM revealed that NL contains the unique 
D-bands structure of collagen fiber (Fig.  2a). After 
impregnation of high-Z elements, the D-bands disap-
peared, and the diameter of fiber increased. Therefore, 
high-Z elements have been successfully loaded on col-
lagen fiber (Fig. 2a–c). Moreover, Fig. 2b, c show that Bi 
and Ba were evenly attached on the surface of collagen 
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fibers, and the hierarchical structure of the collagen fiber 
was preserved. Furthermore, the MRE2O3 coating and 
Zx-NL substrate were observed on a macroscopic level 
(Fig.  2d–g). Collagen fibers contain many functional 
groups such as –COOH, –NH2 and –CONH2. These 
groups make it easy for NL to combine and stabilize 
many metal ions [28]. The high-Z elements with uniform 
dispersion on collagen fiber plays a significant role in 
promoting the probability of collision of gamma photons, 
leading to the effective attenuation of photons energy.

3.2 � Gamma‑ray attenuation evaluation of RZ‑NL
We coated high Z-natural leather (Z-NL) with rare earth 
nanoparticles to further attenuate and absorb gamma-ray 
energy. As shown in Fig. 3a, the protection performance 
of NL against gamma-ray is very limited, and its shielding 
efficiency is less than 2%. In comparison with Zx-NL, the 
gamma-ray shielding abilities of EryZx-NL were remarka-
bly improved under the presence of MEr2O3 coating. For 
instance, the attenuation efficiency of Er1.31Bi5.46-NL had 
been increased up to 1.5 times when compared to that of 
Bi5.46-NL in incident of 59.6 keV. The multilayered struc-
ture of coating and NL facilitated the occurrence of pho-
toelectric effect in several places within the composites 

[29]. The essence of the photoelectric effect lies in the 
collision between incident gamma photons and particles 
through which gamma photons attenuate their energy. In 
the condition, the more atoms collide with the photons, 
the more the energy of the photons decays. The high-Z 
elements are uniformly dispersed at the microscopic 
level, resulting in high electron density and absorbabil-
ity of gamma rays, and contributing to the attenuation 
of photons energy [30, 31]. Besides, the energy gener-
ated by gamma-ray source deeply affects the absorption 
of prepared materials, which declines sharply with raising 
gamma-ray energy. This finding was obtained, because 
the absorption ability of composite materials is inversely 
proportional to the cube of gamma-ray energy.

Figure  3a–e shows the gamma-ray attenuation effi-
ciency of RZ-NL substrates with different thicknesses 
and contents of rare earth elements. It can be observed 
that the shielding performances of RZ-NL were enhanced 
by increasing the contents of rare earth element and the 
thicknesses. These results are attributed to the enhanced 
photons collision probability by the increase in the num-
ber of high-Z elements in the incident path of gamma 
photons. In general, the photons energy attenuation effi-
ciency of shielding materials could be increased just by 

Fig. 1  a Preparation of MRE2O3; b FT-IR spectra of Er2O3, MEr2O3, La2O3, and MLa2O3; c Ethyl alcohol dispersibility of Er2O3, MEr2O3, La2O3, and 
MLa2O3 with the same concentration; SEM images of d Er2O3; e MEr2O3; f La2O3; and g MLa2O3. TEM images of h Er2O3; i MEr2O3; j La2O3; and k 
MLa2O3
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increasing their thickness, such as concrete and glass 
[32, 33]. The ability of composite materials to attenuate 
gamma-ray energy is not only associated with the atomic 
number and the incident energy, but also depends on 
the absorption edge of high-Z elements (often called K 
absorption edge). When the energy of the gamma rays 
is close to the absorption edge of the K shell, the prob-
ability of photoelectric effect interacted between high-
Z element and photons increases [34], resulting higher 
attenuation efficiency of photons energy. As shown in 
Fig.  3b–e, it was found that RyBa5.46-NL performs bet-
ter protection against gamma rays than RyBi5.46-NL (in 

the same rare earth elements and content) in the inci-
dent of 59.6  keV, due to the fact that the K absorption 
edge of Ba (37.44 keV) is closer to 59.6 keV than that of 
Bi (90.05 keV). In case of incident of 121.78, 224.68, and 
334.27 keV, RyBi5.46-NL exhibited more effective than that 
of RyBa5.46-NL, because the K absorption edge of Bi is 
more closed to the gamma energy. Compared La and Er, 
their adsorption edges are 38.92 and 57.49  keV respec-
tively, therefore, the ability of EryZ5.46-NL to attenu-
ate gamma rays is better than LayZ5.46-NL (in the same 
high Z elements and content) in the incident of 59.6–
334.27  keV due to the K absorption edge of Er is more 

Fig. 2  SEM images and stereoscope photos of a NL; b Ba5.46-NL; c Bi5.46-NL; Cross-sectional SEM and Mapping images of d Er0.32Ba5.46-NL; e 
La0.32Ba5.46-NL; f Er0.32Bi5.46-NL; and g La0.32Bi5.46-NL
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closed to the incident gamma photons. On the other 
hand, the mass attenuation coefficient in NIST-XCOM 
(Fig. 3f ) indicates that the mass attenuation coefficient of 
Bi (4.82 cm2 g−1) is lower than that of Ba (8.39 cm2 g−1) 
in the incident of 59.6 keV. By contrast, the mass atten-
uation coefficient of Ba is less than that of Bi at 121.78, 
224.68, and 334.27  keV. In other words, the attenuation 

ability of Bi to gamma-ray energy is weaker than that of 
Ba in the incident of 59.6 keV. Meanwhile, at the incident 
of 121.78  keV and higher gamma-ray energy, the atten-
uation ability of Bi is higher than that of Ba because of 
its higher mass attenuation coefficient. EryBi5.46-NL and 
LayBi5.46-NL also exhibited different ability to attenu-
ate gamma rays energy. The mass attenuation efficient 

Fig. 3  a Attenuation efficiency of EryBi5.46-NL, Bi5.46-NL, Ba5.46-NL, and NL under different energies; Attenuation efficiency of R0.98Z5.46-NL in the 
incidents of b 59.6; c 121.78; d 244.68; and e 344.27 keV; f Mass attenuation coefficient of Bi, Ba, Er, and La in NIST-XCOM; g Attenuation efficiency 
of 3.2-mm Er1.31Z-NL and 0.25-mm lead plate; h Mass attenuation coefficient of Er1.31Z-NL and 0.25-mm lead plate; i Diagrams of R0.98Z5.46-NL and 
O-R0.98Z5.46-NL; j Attenuation efficiencies of R0.98Z5.46-NL and O-R0.98Z5.46-NL



Page 8 of 11Shen et al. Journal of Leather Science and Engineering            (2022) 4:15 

of erbium (Er) is higher than that of lanthanum (La) in 
NIST-XCOM (Fig.  3f ). Therefore, the performance of 
Er0.98Ba5.46-NL is superior to that of La0.98Ba5.46-NL in 
terms of attenuating gamma rays energy.

The attenuation efficiency and mass attenuation effi-
cient of Er1.31Z5.46-NL and lead plate (PB) are presented 
in Fig. 3g, h. The attenuation efficiency of Er1.31Ba5.46-NL 
at a thickness of 3.2  mm reached 96.4% in the incident 
of 59.6  keV and decreased to 61.57% in the incident of 
121.78. Moreover, the attenuation ability of Er1.31Z5.46-NL 
is superior to that of lead plate (PB) in the incident of 
59.6, 224.68, 334.27, and 661  keV compared with the 
0.25  mm-lead plate (54.54  mmol  cm−3), as shown in 
Fig.  3g. In addition, the mass attenuation coefficient of 
Er1.31Ba5.46-NL (7.21 cm2 g−1) is greatly higher than that 
of 0.25-mm PB in the incident of 59.6 keV (5.22 cm2 g−1), 
suggesting the advantages of RZ-NL in the attenuation 
of relative low gamma-ray energy. However, the attenu-
ation abilities of RZ-NL and PB against gamma-ray are 
limited at higher energy, especially when the energy is 
higher than 344.27  keV. The attenuation efficiency of 
Er1.31Bi5.46-NL is 14.03% in incident of 334.27 keV, while 
that is only 6.88% in incident of 661 keV (137Cs). There-
fore, the effective attenuation of high gamma rays energy 
is still a challenge.

In addition, the combination of different high-Z ele-
ments may exhibit different attenuation behaviors. 
Accordingly, we designed an experiment in which 
gamma rays were first irradiated with Z5.46-NL layer 
and then to coating layer (RE2O3), which was denoted 
as O-R0.98Z5.46-NL (Fig. 3i). Figure 3j shows the attenu-
ation behaviors of R0.98Z5.46-NL and O-R0.98Z5.46-NL 
at different incident of gamma rays. The low gamma 
rays energy (59.6 keV) was effective for Er0.98Bi5.46-NL, 

because the fact that the K absorption edge of Er is 
57.49 keV, which very close to 59.6 keV than that of Bi 
(90.05 keV, K absorption edge). Under high gamma rays 
energy, O-Er0.98Bi5.46-NL is more effective. After first 
attenuated by Bi, the energy of photons was reduced 
and may be located in the optimal attenuation range of 
Er. Theoretically, for the photons with higher energy, 
their energy will be reduced after first collide with 
high Z element and should be more effective attenu-
ated further by the element with relative low K adsorp-
tion edge. On the other hand, the high Z elements with 
high K adsorption edge are often heavy than that of 
elements with low K adsorption edge, such as Bi and 
Ba, Bi and La. In order to reduce the weight and more 
effectiveness of shielding materials, it is reasonable to 
use the combination of high Z elements with different 
K adsorption edge. Therefore, gamma rays with high 
energy should be first attenuated by the elements with 
high K absorption edge and then by the elements with 
relative low K absorption edge.

Our previous investigations are focused on the devel-
opment of X-ray shielding materials based on natu-
ral leather [28, 31]. In this work, the high Z elements 
impregnated natural leather with nano RE2O3 coat-
ing will be prepared and their gamma rays shielding 
materials energy attenuation performances were inves-
tigated. In comparison, the attenuation efficiency of 
natural leather based shielding materials used for the 
energy attenuation of X-ray and gamma-ray are sum-
marized in Table  1. It can be observed that the natu-
ral leather based shielding materials are effective for 
the X-rays and gamma-ray energy attenuation, but this 
ability is greatly related with high Z element dosage and 
species, thickness and structure.

Table 1  The attenuation efficiency of natural leather based shielding materials used for X-ray and Gamma-ray

No. High Z elements and content Thickness X-ray or Gamma-ray and energy Attenuation 
efficiency (%)

References

1 Nano Bi2O3, 1.51 mmol cm−3

Dispersed in leather
1.4 mm X-ray, 48 keV 58.0 [28]

X-ray, 65 keV 40.0 [28]

X-ray, 83 keV 32.0 [28]

2 Nano Ce2O3, 1.51 mmol cm−3

Dispersed in leather
1.4 mm X-ray, 48 keV 35.0 [28]

X-ray, 65 keV 42.0 [28]

X-ray, 83 keV 58.0 [28]

3 Bi3+, 0.96 mmol cm−3

I−, 6.89 mmol cm−3

Dispersed in leather by coordination

1.0 mm X-ray, 48 keV 92.0 [31]

X-ray, 65 keV 81.3 [31]

X-ray, 83 keV 65.8 [31]

4 Bi2+, 5.46 mmol cm−3

Nano Er2O3, 1.31 mmol cm−3

Bi2+ was dispersed in leather by coordination
Nano Er2O3 coated on the surface of leather

3.2 mm Gamma-ray, 241Am, 59.6 keV 92.49 This work

Gamma-ray, 152Eu, 121.78 keV 61.57 This work
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3.3 � Mechanical properties of RZ‑NL
Natural leather takes the advantages of being soft and 
suitable for wearing. We conducted detailed tests on 
its physical properties of RZ-NL. As shown in Fig. 4a, 
the density of Er1.31Ba5.46-NL is only 1.4  g  cm−3, 
which is only 1/8 of lead plate (11.3 g  cm−3). In addi-
tion, the tensile strength (TS1) of Er1.31Bi5.46-NL and 
Er1.31Ba5.46-NL were 26.75 and 21.16 N mm−2. The tear 
strength (TS2) of Er1.31Bi5.46-NL and Er1.31Ba5.46-NL 
were 40.23 and 39.51  N  mm−1, respectively. RZ-NL 
exhibited outstanding mechanical strength, which 
are somewhat higher than that of NL because of the 
crosslinking effect of high-Z elements. Besides, RZ-NL 
exhibits excellent softness (S), flexibility, and tailor-
ability as natural leather (NL), as shown Fig. 4c–d. Fur-
thermore, it was found that the attenuation efficiency 
of prepared gamma-ray materials was decreased within 
5% after 20,000 times crimping, suggesting excellent 
bending resistance. Our previous work shown that the 
natural leather based X-ray shielding materials exhib-
ited superb stability after bending 29,000 times [35].

4 � Conclusion
Novel gamma rays shielding composites (RZ-NL) based 
on natural leather were prepared using equivalent-vol-
ume impregnation and coating approaches. Results that 
the high-Z elements were uniformly dispersed because 
of the active groups in natural leather, which enhanced 
the attenuation of photons energy. The aggregation prob-
lem of rare earth nano-particles (RE2O3) was effectively 
solved using tannic acid, and RE2O3 was easily coated 
on the surface of natural leather. The prepared RZ-NL 
exhibited outstanding attenuation ability of gamma rays, 
especially in the incident of 59.6 keV (241Am), which can 
be comparable with 0.25  mm Pb. Further investigation 
indicated that the gamma rays with higher energy can be 
effectively attenuated by first attenuating it with elements 
having high K absorption edge and then by elements 
with relative low K absorption edge. In addition, RZ-NL 
exhibited excellent mechanical strength, softness, flex-
ibility, and tailorability as natural leather.

Fig. 4  a Density of Pb-B, Er1.31Z5.46-NL and Pb-B; b mechanical strength of the NL and Er1.31Z5.46-NL (S, TS1 and TS2 represent softness, tensile 
strength, and tear strength, respectively); c flexibility of Er1.31Ba5.46-NL; d tailorability of Er1.31Ba5.46-NL
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