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Non-Evaporable Getter (NEG) applications have increased significantly in recent years, and these materials have been 

widely used at high temperatures for various applications. The present study has discussed the structural properties and 

porosity nature of newly developed getter materials with rare earth (RE-Samarium and Gadolinium) element substitutions. 

The selected materials, namely Zr–Co and Zr–Co–(Sm+Gd) with different compositions, have been synthesized using the 

solid-state reaction method, and the alloys have been activated at a temperature of 1000°C. The obtained results have been 

analyzed using X-ray Diffraction (XRD) for structural analysis, Scanning Electron Microscopy (SEM) coupled with Energy 

Dispersive Spectroscopy (EDS) for morphological and elemental analysis, and Transmission Electron Microscopy (TEM) 

for microstructural evaluation and particle size determination. Furthermore, Thermogravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC) have been employed to explain the nitrogen storage capacity of the NEG 

materials. The present work has aimed to study and compare the structural parameters and porosity nature of pure and rare-

earth substituted NEG alloys.  
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1 Introduction 

The getters are expected to have maximized 

surface to volume ratios with high porosity facilitating 

to access the gas to be pumped to the internal areas of 

the getter. The combination of these four series of 

materials is assumed to provide good mechanical 

characteristics facilitating them to be the suitable 

getters for required conditions1-3. A simple and 

reliable method for determining the porosity of a solid 

sample is adopted in the present study that involves 

use of its lattice constant value. In the past few years, 

many NEG alloys have been used for different 

applications in vacuum technology. For these reasons, 

the Zr-V-Ti, Zr-V-Fe, Zr-Al, and Zr-Co non-

evaporable getter alloys were widely used to achieve 

better vacuum-type devices4,5. Also, these support 

chemical reactions of getter and gases to maintain 

good vacuum conditions in the machines. The 

primary need for non-evaporable getter materials is 

high activation temperature, high resolvability 

limitation and high conductivity to the absorbed 

categories, high temperature and high chemical 

strength6. The NEG materials with the high activation 

temperature are Zr-Coalloys. Therefore, NEG 

materials are essential for obtaining and maintaining 

vacuum conditions for ultra-high or extremely 

ultra-high vacuum systems. This paper discussed the 

structural properties, morphologies, microstructure, 

and porosity nature performance of substituting 

rare-earth elements Sm and Gd of NEG getter 

materials7-10.  

2 Materials and Methods 

The composition of the NEG getter alloys is 

derived from stoichiometry ratios starting with Zr, 

and Co metal powders from Sigma Aldrich (99.99%) 

and rare-earth (RE) components Samarium and 

Gadolinium metal powders from Merck (99.99%). 

The chemical compositions Zr1-x+Cox and Zr1-x Cox-3-

(Sm+Gd)3 are synthesized, where x=0, 40, 80, 120in 

steps. The mixed raw powder material was first 

thoroughly milled for 15 hours using an agate mortar 

and pestle to add methanol solvent to bind the 

substance. This combined powder material was heated 
—————– 
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in a muffle box furnace for 1 hour at 350oC to remove 

the moisture content in the metal powder. When the 

heated powder material has cooled to its normal 

temperature, it is grinding again for one hour to make 

the materials well blended. The powder material to 

make into pellets in round discs using a KBr 

Hydraulic Pellet Presser with a pressure of 3 tonnes 

for 5 minutes on the pellet machine to generate NEG 

alloys. These are sintered in a muffle furnace at 

1000°C for 2 hours to make non-evaporable getter 

alloys. The XRD patterns of both series of materials 

were obtained using a Panalytical X-pert pro-diffract-

meter with diffraction angles ranging from 10o to 

80oin 0.02o steps. A transmission electron microscope 

(TEM) made by the Philips Company, a scanning 

electron microscope (SEM), and an energy dispersive 

spectrometer (EDS) made by JEOL were used to look 

at the materials' shapes and how they were made. 
 

3 Results and Discussion 
 

3.1 X-ray diffraction studies 

The XRD technique is a universally accepted 

method to determine the behavior of the crystal and 

its structure. The material is basically in the form of 

powder, comprising fine particles of material with a 

single crystalline to be studied. This technique is 

extensively utilized for structure analysis, structure 

determination, crystallite size, lattice constant, texture 

and electron radial distribution functions. The XRD 

analysis for the synthesized getter material is carried 

out to study the relation between crystallographic 

properties and their variation with rare earth elements 

substitution. The lattice constant and XRD patterns 

measure the cell volume of each sample to assess  

the influence of RE element replacements on the 

crystalline lattice of the better-getter materials 

developed. In Fig. 1 Zr 1-x-Cox series exhibitssix 

fingerprint peaks at h k l values (1 0 0), (1 1 0), (1 1 

1), (2 0 0), (2 1 0), and (2 1 1) tare matches with 

JCPDS Card No #00-018-043611, 12. The acquired Zr-

Co2 phase also exhibits cubic structure and reflects 

very low intense diffraction peaks corresponding to (2 

2 0), (4 0 0) and (4 4 0) planes respectively (JCPDS 

card no. 00-153-2069. The present (Zr-Co) NEG 

alloys are evaluated considering the FWHM of the 

most intense diffraction peak (1 0 0)values of inter 

planer spacing(d)= 3.985(Å), lattice constant (a)= 

a=6.903 (Å), FWHM=0.235θ, and crystalline sizeof 

Zr-Co series getter materials is D=34.422nm. 

The XRD pattern of (Zr-Co-RE) getters at different 

concentrations of RE in Fig. 2. The (Zr-Co-RE) series 

is observed to contain 11 major fingerprint peaks at  

(0 0 2), (1 1 0), (0 4 0), (1 1 2), (1 3 1), (0 2 4),  

(1 3 3), (0 2 5), (2 2 2), (0 8 0) and (1 7 3). The 

observed h, k, l values are legibly identified with 

JCPDS Card No # 00-152-4752. It is interesting to 

note that five strong peaks were found around  

2θ = 34.17°, 38.47°, 43.71o, 53.97°and 75.94°. These 

are corroborated with the earlier investigations13,14. 

The orthorhombic structure Zr3Co, which has a 

stronger activation condition, is a base-centered 

orthorhombic lattice system that permits to translate 

into one of the base planes and the related space 

group (63. Cmcm). The values of these peaks 

corresponding Bragg angles and the lattice parameter 

(a) are calculated by using Unit Cell software. By 

using Debye-Scherrer's equation the crystallite sizes 

of the present (Zr-Co-RE) NEG alloys are evaluated 

considering the FWHM of the most intense diffraction 

peak (1 1 2)15. At higher temperatures, the crystalline 

size increases with increasing Zr concentration. The 

values of d-spacing and peak intensities increase as a 

function of Zr concentration. The FWHM is found to 

decrease with the reduction of Co concentration.  

 
 

Fig. 1 — XRD patterns of (Zr-Co) series alloys. 

 
 

Fig. 2 — XRD patterns of (Zr(1-x)-Co(x-3) -RE3) series alloys. 
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The standard average lattice parameters of the 

orthorhombic crystal structure are a=3.43Å, 

b=10.85Å and c=8.78Å. Also, the volume is 

317.25Å3. This significantly enhances the absorption 

capacity of these alloys. Other small diffraction peaks 

of ZrO2 phases of the orthorhombic structure are 

observed at 2θ=33.84o, 35.12o, 61.29o, 68.38o and 

78.94ocorresponding to (0 2 0), (0 0 2), (3 1 1), (1 2 3) 

and (3 3 0) peaks with JCPDS card no. 00-154-5065. 

One moreminute diffraction peak of the CoO2 phase, 

which has orthorhombic structure also observed at 

2θ=52.85o, 61.05o, 75.42o, and 77.19o correlated to (2 

0 9), (2 0 11), (0 2 8) and (2 0 15) peakswith JCPDS: 

00-152-6822. This shows the property or behavior 

relating to sorption profile of these alloys16-18.  

The present (Zr-Co-RE) NEG alloys are evaluated 

considering the FWHM of the most intense diffraction 

peak (1 0 0) values of ‘d’ spacing(d)= 4.401(Å), 

lattice constant (a)= a=3.401, b=10.91,c=8.68 (Å), full 

width at half maximum (FWHM)= 0.524θ, and 

crystalline size of Zr-Co-RE series getter materials is 

D=153.980nm. 
 

3.2 Density and porosity analysis 

The experimental arrangement for bulk (db) and X-

ray (dx) densities (gm/cm
3
) lattice constant (Å) 

besides porosity (%) particle size (D), specific surface 

area (S), Dislocation (δ) and micro strain (ɛ) of the 

present NEG getter materials with different 

concentrations has been measured, the obtained with 

Zr1-x-Coxwhere x varies between x = 0.36 to 0.20 in 

different concentration of 0.04 and Zr1-x-Cox-3-

RE3where x concentration weights between x = 0.30 

to 0.18 in steps of 0.04 values are presented in the 

Table 1 and 2 .From Tables, the lattice parameter 

increasing with decrease of x is the finding of this 

paper19, 10. Lattice parameter increases when there is 

occupation of the interstitial place thus relaxation of 

the bond occurs. Lattice constant of pure zirconium is 

3.1 A 0. The particle size (D) depends upon the 

FWHM of the highest peak of the XRD spectrum. 

These are two different samples with different X-ray 

characteristics20-22. So, there should be comparison 

between the same series rather than others.  

From Table 1 and 2 the lattice parameter increasing 

with decrease of x is the finding of this work. Lattice 

parameter increases when there is occupation of the 

interstitial place thus relaxation of the bond occurs. 

Lattice constant of pure titanium is 2.95 A 0 and of 

pure zirconium is 3.1 A 0. The particle size D 

depends upon the FWHM of the highest peak of the 

XRD spectrum. These are two different samples with 

different X-ray characteristics. So, there should be 

comparison between the same series rather than 

others. The Surface area is inversely proportional to 

the particle size. After addition of RE particle size 

increased so the surface area decreased23. The values 

Table 1 — Variation of lattice constant ‘a’, X-ray (dx) and bulk (db) densities (gm/cm3)) porosity %, particle size (D), Specific Surface 

Area(S), Dislocation(δ) and Micro Strain(ɛ) of Ti1-x-Coxand Zr1-x-Coxwhere x varies in between x = 0.36 to 0.20 in steps of 0.04. 

S. No 

Z
r(

1
-x

)-
C

o
x
 

Con (x)  Lattice 

Constant 

(a)(Å) 

X-ray-

Density  

(dx) 

Bulk-Density  

(db) 

Porosity % D (nm) Spe. Surf. 

Area (S)X10-

3 per unit 

Dislocation 

(δ)X10-3 (nm-2) 

Micro Strain 

(ɛ)X10-3 

1 0.36 3.187 13.394 23.673 43.42 82.366 5.432 1.474 0.875 

2 0.34 3.118 13.173 22.721 42.022 90.79 5.016 1.213 0.788 

3 0.28 3.177 13.528 23.132 41.518 97.281 4.806 1.174 0.736 

4 0.24 3.196 13.267 23.528 43.611 103.753 4.36 0.928 0.695 

5 0.2 3.204 13.148 24.546 46.431 135.215 3.374 0.546 0.533 
 

Table 2 — Variation of lattice constant ‘a’, X-ray (dx) and bulk (db) densities (gm/cm3)) porosity %, particle size (D), Specific Surface 

Area(S), Dislocation(δ) and Micro Strain(ɛ) of Ti1-x-Coxand Zr1-x-Coxwhere x varies in between x = 0.36 to 0.20 in steps of 0.04. 

Sr. No 

 

Z
r(

1
-x

)-
C

o
(x

-3
) 

-R
E

3
 

 

Con (x) Lattice Constant 

(a) (Å) 

X-ray-

Density 

(dx) 

Bulk-

Density 

(db) 

Porosity  

% 

D  

(nm) 

Spe. Surf. Area 

(S)X 

10-3 per unit 

Dislocation 

(δ)X10-3 (nm-2) 

Micro Strain 

(ɛ)X10-3 

1 0.3 a=3.40 

b=10.91 c=8.682 

17.316 35.626 51.24 140.28 2.471 0.508 0.084 

2 0.26 a=3.45 b=10.55 

c=8.79 

17.424 36.314 52.018 144.86 2.37 0.476 0.080 

3 0.22 a=3.39 b=11.00 

c=8.86 

17.812 35.662 50.053 141.47 2.381 0.499 0.082 

4 0.18 a=3.52 b=10.972 

c=8.8 

18.161 36.513 5.261 145.57 2.269 0.471 0.075 
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of lattice parameter, density and porosity are found to 

show improvement than pure elements as a function 

of substituting rare earth elements (RE). This may be 

due to the enhanced compactness of particles in their 

binding resulting in a raised density of materials. This 

may be understood with the increase in molecular 

weight of the samples due to their composition 

causing to increase the substitution of rare earth 

elements. The irregularity within a crystal structure 

that contains an abrupt change in the arrangement of 

atoms (dislocation) and the degree of distortion 

present in the crystalline lattice (micro strain) also 

decreases with the RE substitution. With substitution 

of RE elements, the porosity of the NEG materials  

is increased. It enhances the residual gases  

absorption rate causing more applicability in vacuum 

generations24, 25. 

3.3 Scanning electron microscope with EDS (EDX) study 

The SEM images of pure Zr1-x-Cox where x varies 

between x = 0.36 to 0.20 in steps of 0.04 and Zr1-x-

Cox-3-RE3 where x concentration weight between x = 

0.30 to 0.18 in steps of 0.04 shown in Fig. 3 & 4.  

In the Zr-based NEG specimens (Zr-Co), the bulk 

diffusion decreased with the rise of substituent 

concentration (x) may be due to causing reduced 

Zirconium content. The average particle size value 

appears to be diminishing as a function of x, and the 

computed particle size values agree with the 

crystallite size values obtained based on XRD 

measurements26. The observed porous structure on the 

surface of Zr-Co series nanostructure could reflect a 

higher capacity of gas absorption of this NEG 

materials nature. The structural stability of the (Zr-

Co-RE) NEG materials are investigated by using 

EDS. Besides the free energy deposition of Zr, Co, 

and RE oxides, no other impurity peaks are exhibited 

in the spectra. As shown in Fig. 3 and 4 the most 

stable compounds are ZrO2, and Co2O2. The obtained 

values of element weight % and atomic weight % for 

the series of Zr-Co and Zr-Co-RE are shown in the 

Fig. 3 & 4. The quantity of zirconium, cobalt, 

samarium, and gadolinium elements were found to be 

good as element weight %, atomic weight % and the 

results of EDS confirm the expected stoichiometry27. 
 

3.4 Transmissionelectron microscope study 

Microstructure and related parameters such as 

average grain size and grain growth type, which 

determine the mechanical strength of materials, can 

be aided by morphological analysis. For RE 

substitution (Sm & Gd), the micrographs obtained of 

the Zr-Co shown in Fig. 5 and Zr-Co-RE shown in 

Fig. 6 series of NEG materials. The grain distribution 

in these photos Zr-Co (Series-1), Zr-Co-RE (Series-2) 

NEG series have average grain sizes and porosity 

nature calculated to displayed in Table 3.  

 
 

Fig. 3 — Results of SEM micrograph and elemental concentration 

of (Zr-Co) NEG material. 
 

 
 

Fig. 4 — Results of SEM micrograph and elemental concentration 

of (Zr-Co-RE) NEG material. 

 
 

Fig. 5 — TEM images of (Zr-Co) (Series-1) 
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The TEM micrographs in the pictures show that the 

NEG materials effectively absorb residual gases in 

both cases. The fact that the two nano-sized series of 

rare earth substituted series improve the specific 

surface area and grain boundaries, allowing for fast 

gas diffusion, is remarkable. Because of the 

microstructure alteration, this could be an excellent 

way to increase the absorption rate of NEG 

materials28. The selected-area electron diffraction 

(SAED) patterns reflecting round circles at the middle 

point show that the grain sizes of the NEG samples  

lie in the nanocrystalline range. The obtained 

micrographs of pure Zr-Co and RE elements 

substituted and Zr-Co-RE series of NEG materials are 

indicating the enhanced values of average grain sizes 

and porosity for both the series relative to the RE 

elements non – substituted series (pure)29, 30. 
 

4  Conclusion 

The effects of samarium and gadolinium (RE) in 

Ti-Co and Zr-Co non-evaporable getters are 

investigated in the present study, and the following 

conclusions are established.The non-evaporable getter 

materials (Zr-Co) and (Zr-Co-RE) were effectively 

synthesized at a temperature of 1000°C, and their 

structural properties and porosity nature were 

investigated. 

a Based on the obtained XRD spectra, both series 1 

(Zr-Co) are reflecting cubic crystalline structure 
containing point defects such as pores that spotted 

clearly among the crystal bonds. But the 
substitution of rare element, series 2 (Zr-Co-RE) 

exhibited cubic and orthorhombic crystalline 
structure. The substitution of rare earth element 

enhanced the bonding nature among molecules 
reflecting with very tight like a sponge, thus in 

contrast to the series 1 and2 series getter 
materials, the porosity behavior and mechanical 

strength of the materials has been modified 
largely. Crystalline size was found to increase 

with the substitution of RE element in both the 
series of materials relative to pure series of 

materials.  
b With the rise of titanium concentration, the lattice 

constant and the size of the particle were also 
found to enhance their values. The same trend has 

been observed in the case of Zr-Co getter 
materials series too. The lattice constant increases 

from 3.18 to 3.20 Å (Zr-Co) series while for  
Zr-Co-RE series the attained values of lattice 

constant are a= 3.4 to 3.5, b= 10.91 to 10.97 and 
c= 8.68 to 8.81 Å.  

c The getters need to contain maximized surface to 

volume ratios having high porosity facilitating to 

 
 

Fig. 6 — TEM images of (Zr-Co-RE) (Series-2) 
 

Table 3 — Obtained the grain size (nm) of Zr1-x-Cox and Zr1-x-Cox-3-RE3 series NEG materials. 
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Series-1 
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(x
) 

Series-2 

Zr1-x-Cox(nm)  Zr1-x-Cox-3-RE3 (nm) 

Avg. Grain Size 

(nm) 

Porosity (%) Avg. Grain Size 

(nm) 

Porosity (%) 

SEM TEM SEM TEM SEM TEM SEM TEM 

1 0.36 34.23 0.36 44.65 46.17 0.30 129.82 135.76 52.43 56.34 

2 0.32  36.19 0.32 38.43 44.76 0.26 152.90 159.12 55.87 54.76 

3 0.28 41.64 0.28 45.87 41.31 0.22 162.79 173.25 58.12 57.19 

4 0.24 37.75 0.24 48.81 42.14 0.18 148.43 162.31 53.98 54.03 

5 0.20 32.56 0.20 43.27 45.54      
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adsorb gas molecules to be pumped into the 

internal areas of the getter materials. The present 

materials, i.e., the four series of materials found to 

show good mechanical characteristics, making 

these getter materials suitable for required 

conditions. A standard method for determination 

of the porosity and density of solid samples is 

adopted in the present studies. The obtained 

values of density and porosity of rare earth 

elements (RE) substituted materials are found to 

show improvement than the pure specimens. 

d According to the XRD results in both series, 

when the cobalt content lowers, the FWHM 

reduces. Interatomic spacing, lattice parameter 

(a), volume of the cell (V), crystalline size (D), 

and Intensity(I) are all growing, and phase 

changes were shown in both series. When the 

lattice parameter is increased in both series, the 

NEG absorptionincerses more efficiently. The 

surface of the getter begins to pump more gases 

into the getter when these parameters are 

increased. 

e The SEM with EDS study indicated that sintering 

at higher temperatures results in porous pellets 

with increased specific surface area and gas 

sorption capacity in both series. In addition, the 

EDS graphs revealed the getter material's optimal 

weight and atomic percentage. 

f According to TEM microstructure investigations, 

the crystalline size of XRD patterns is 

proportional to the rise in particle size in a  

series; the histogram patterns can illustrate given 

above. The adsorption capacities of the non-

evaporable getter materials increase as the 

activation temperature increases and porosity 

nature increases.  
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