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Abstract. Specific features of mechanical behaviour of ultra fine grained iron subjected to friction 

treatment with nitriding (FN) were clarified by comparison with that induced by friction treatment 

(FT) with air. Mechanical parameters such as Young’s modulus, nanohardness, and plasticity 

characteristic A were found to be of high sensitive both to the scale of grain structure and to iron 
modification by nitrogen. Young’s modulus tends to decrease and Hall-Petch low fails to describe 

correlation between grain structure and hardness for submicro-grained and nanocrystalline iron. 

Hall-Petch coefficient, ky, decreases as grain size decreases within submicro-grained and, then, nano 

grained sections and it takes even negative value in nano grained section modified by nitrogen. 

Parameter A is found to be dependent on combination of hardness and Young’s modulus, resulting 

in its variation with decreasing the grain size. The presence of secondary nanocrystalline Fe4N 

phase fundamentally changes mechanical behaviour of nanocrystalline iron, leading to 

strengthening the grain boundaries and triple junctions.  

1. Introduction 

Nano-crystalline materials with a large number of grain boundaries and triple junctions have 

been found exhibit interesting combination of physical and mechanical properties, making them of 

growing attention to researches employed in scientific and engineering applications. However, these 

properties are strongly dependent on the route employed for producing nc materials [1]. Compared 

to others routes severe plastic deformation (SPD) technique offers to essential advantages for ultra 

grain refining the structure of metallic materials, making them of 100% dense and free of 

contaminations. Among other properties mechanical parameters of nano-crystalline (nc) and sub 
micro-crystalline (smc) materials are of great importance. These materials demonstrate specific 

features of mechanical behaviour [1-7]. However, results published in the literature are of 

controversial nature and their explanation is under dispute. 

The present study aims to investigate the specific features of mechanical behaviour of iron 

subjected to severe plastic deformation under diffusion flow of dissolved dopant element (SPDD) 

and occurred due to friction with gas atmosphere, i. e. either with nitriding atmosphere or with air.  

2. Experimental  

Processing procedure. Samples of iron with purity 99.97 wt. % and grain size about 100 m 

were processed either by friction treatment with ammonia gas (FN) or by friction treatment (FT) 

with air. Detailed description for FT and FN processes can be found [8]. In addition, iron sample 

obtained by FN process were further subjected to natural ageing during more than five years.  
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Mechanical testing. To study scale effect on material response to deformation load displacement 

experiments were performed in cross-section of the sample by using Nano Indenter II
R
 tester with 

Berkovich indenter. Mechanical parameters such as Young’s modulus E, nanohardness H and 

plasticity characteristics δA and δD were determined from complete cycle of loading and unloading 

data. Young’s modulus was computed according to the method procedure of Oliver and Pharr [9]. 

Mechanical parameters were obtained in cross-section of treated samples. Two kinds of plasticity 

characteristics such as A and D of physical meaning nearly the same as plasticity characteristics H 

[10] were derived using loading and unloading data, as shown in Fig.1. As applied for iron sample 

the values of these characteristics were found to be quite similar.  
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Fugure1: Diagram of load-displacement curves in the 

coordinates such as P-loading force and h- approaching of the 

indenter-specimen couple: 
A

Ap
A   is a share of plastic 

component Ap , which is defined by the area between loading 

and unloading data, in the total area under loading data A= Ae 

+ Ap (where Ae is elastic component); 
max

p
D

h

h
  is a share of 

plastic displacement, hp, to the total displacement, hmax. 

3. Results  

Structural characterisation. The results of XRD analysis and TEM observation [8] testified that 

FN and FT lead to formation of thin surface layers attributed to proper chemical compounds that are 

followed by structural sections of different scale regimes, as shown in Fig.2a.  
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Figure 2. (a) Optical micrographs of deformation structures induced in iron by FT and FN as 

well as (b) variation of grain size and dislocation density along (a) structural sections attributed to 

nano-crystalline (nc) regime, sub micro-crystalline (smc) regime, and microcrystalline (mc) regime. 

 

Grain size plotted along the deformation-induced layer is shown in Fig.2b together with the data 

for dislocation density. The results indicate that extension of deformation layer induced by FN 

becomes larger and dislocation density reaches greater values compared to those subjected to FT. 

Moreover, finally stabilised nano-grain size induced by FN is nearly by 3 times smaller than that 

induced by FT [8]. It is notable that nitrogen content in ultra fine grained -Fe[N] increases 

dramatically up to 0.3 wt.% at the greatest and the difference reaches 10
2
 times as compared to 

conventionally grained -Fe[N] obtained by currently accepted furnace nitriding [8]. However, no 

(a) (b) 



indication to the presence of secondary nanocrystalline ’-phase (Fe4N-nitride) was obtained by 

TEM observation within deformation-induced layer of -Fe[N]. Secondary nanocrystalline ’-phase 

(Fe4N-nitride) appeared within -Fe[N] of nc-regime after natural ageing. 

Mechanical properties of -Fe subjected to FT route. Fig. 3a shows the scale effect of grain 

structure on mechanical parameters of -Fe processed by FT route. Young’s modulus tends to 

decrease as grain size decreases down to sub micro-metre scale and it reaches the smallest value, 

which is about 15% less than that for conventionally grained matrix, as could be seen in Fig. 3a.  
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Figure 3. Relation between mechanical parameters and grain size d
-1/2

: (a) FT; (b) FN, FN+ageing 

 

However, Young’s modulus steeply re-increases as grain size further decreases down to nano-

scale level and it reaches nearly the same value as that for conventionally grained matrix. By 

comparison with the data listed in Table 1 it could be seen that the value of Young’s modulus for 

smc -Fe is roughly by 25% higher than that for fine grained Fe3O4-oxide layer.  
 

Table 1. Mechanical parameters for layer of chemical compounds 

 

Phase Young’s modulus E  [GPa] Nanohardness H [GPa] Plasticity characteristic A 

Fe3O4 144±3 9.7±1.8 0.63 

Fe4N  172±12 8.3±0.7 0.65 

 

Fig. 3a shows that nanohardness of -Fe monotonically increases with decreasing the grain size 
from conventional value to that of nano-scaled level and it performs the highest value in the nc-

section adjacent to Fe3O4-oxide layer. This variation of nanohardness is accompanied by the 

decrease of plasticity characteristic A.  

Mechanical properties of - Fe[N] subjected to FN route. Variation of mechanical parameters 
via grain size induced by FN is shown in Fig. 3b. It could be seen that the decrease of grain size 

down to nano-sized level causes Young’s modulus for -Fe[N] to significant decrease, making 

them in nc-regime by 25% smaller than that for fine grained layer of Fe4N-nitride listed in Table 1 

The difference between Young’s modulus for nc -Fe[N] enriched by nitrogen up to 0.3 wt.% and 

that for conventionally grained -Fe[N] modified by 0.003 wt.% of nitrogen reaches about 50%. In 

addition, Young’s modulus for mc -Fe[N] modified by 0.003 wt.% nitrogen remains the same as 

that for -Fe matrix. It is notable that Young’s modulus for smc -Fe[N] is much superior to that 

for -Fe of the same structural regime whereas the opposite is true for nc -Fe[N] for which 

Young’s modulus is much smaller than that for nc -Fe subjected to FT. 

Fig. 3 b shows that nanohardness of -Fe[N] increases as grain size decreases in region from 
conventional value to that of sub micro-metre scale and, thus, it reaches the largest value at the 

critical grain size of about 100 nm. Further decreasing the grain size causes nanohardness of 



-Fe[N] to decrease gradually. It is notable that nanohardness detected in nc -Fe[N] adjacent to 

Fe4N-nitride layer reaches nearly the same value as that for conventionally grained matrix and it is 

by two times smaller than that for Fe4N-nitride layer listed in Table 1. By comparison the data 

presented in Figs. 3a and 3b it could be seen that nanohardness of nc -Fe[N] demonstrates the 

values, which is about two times smaller than those for nc -Fe subjected to FT.  

Despite of varying nanohardness via deformation-induced layer, plasticity characteristic A 
remains almost unchanged with decreasing the grain size down to nano-metre scale, as shown in 

Fig. 3b. Generally, the value of parameter A for nc -Fe[N] is superior by 25% to that for 

Fe4N-layer listed in Table 1.  

Mechanical properties of -Fe[N] induced by FN and subjected to further natural ageing. The 
data shown in Fig 3b indicate that further natural ageing the iron processed by FN causes the values 

of Young’s modulus for nc -Fe[N] to increase. Moreover, natural ageing causes correlation of 

nanohardness vs. grain size within nc -Fe[N] to inversion. Therefore, nanohardness of -Fe[N] 
after natural ageing increases continually as grain size decreases in region from conventional value 

to that of nano-metre scale. As a result of this effect one can see that nanohardness for nc -Fe[N] 

after further ageing becomes higher than that for initially obtained nc -Fe[N] whereas the opposite 

is true for smc -Fe[N] for which further ageing ensures nanohardness values the same as those for 

conventionally grained matrix. As compared with initially obtained data attributed to FN, plasticity 

characteristic A of nc -Fe[N] after ageing becomes smaller. Unlike the effect above plasticity 

characteristic A of smc -Fe[N] after ageing increases and it reaches the values nearly the same as 

those for conventionally grained matrix. 

4. Discussion  

The results of the present study show appreciable effect of ultra fine refining the grain structure 

on material response to deformation. In general, mechanical behaviour of material could be 

influenced by several structural parameters, i.e. dissolved dopant elements, dislocations and other 

stacking faults, grain boundaries, secondary phase. As applied to fine grained deformation structure 

induced by SPD, the contribution of these factors is yet open to question.    

Young’s modulus of -Fe obtained by FT tends to be smaller with reducing the grain size down 
to sub micro-metre scale, as shown in Fig.3a. The scale effect on Young’s modulus is revealed too 

for nc -Fe[N] induced by FN, as evidenced in Fig. 3b.  

Several mechanisms were suggested in the literature for the effect of the grain size on elasticity 

properties of materials fabricated by SPD technique. It was assumed that the decrease of elastic 

properties for nc materials is caused by imperfections, i.e. microstrains within the nano-grains that 

occurred due to dislocations and stacking faults [5, 6]. According to “composite model” of 

Mughrabi  [11] the former effect could be resulted from the large number of grain boundaries and, 

thus, increased volume fraction of the triple junctions for which mechanical properties are different 

from those of grain interior. That is why distorted elasticity of grain boundaries and triple junctions 

are considered to be capable for decreasing elasticity modulus of nc material [2, 5, 6].   

As notable characteristic, one can notice that further natural ageing mainly changes the relation 

between the grain size and Young’s modulus of nc -Fe[N], as shown in Fig. 3b. Young’s modulus 

for nc -Fe[N] increases when grain size is limited to less than 20 nm whereas the opposite is true 

for -Fe[N] refined to larger grain size. The increases of Young’s modulus could be caused by the 
appearance of secondary nanocrystalline Fe4N-phase, leading to strengthening the grain 

boundaries/triple junctions and, thus, to correction of their distorted elasticity. Following the 

mentioned above re-increase of Young’s modulus for -Fe occurred as the grain size further 

decreases down to nanometre scale, as shown in Fig. 3a, could be attributed to the effect of 

nanocrystalline Fe3O4-oxides. The presence of oxide precipitation Fe3O4-phase in nc -Fe is 
thought to be realistic by considering the experimental data [12], which showed by TEM 



observation that formation of nano-scaled Cr2O3-oxide at grain boundaries/triple junctions of nc 

chromium coating can occur even under vacuum conditions during magnetron sputtering.  

Attention is drawn to the fact that precipitation Fe4N-phase formed after ageing initiates 

redistribution of dissolved nitrogen within deformation-induced structure, leading to the reasonable 

decrease of nitrogen content in -Fe[N]. The former effect is thought to be responsible for 

decreasing the Young’s modulus of smc -Fe[N]. This suggestion is confirmed by comparison the 

data for -Fe[N] after FN to those for -Fe subjected to FT. It could be seen in Figs. 3a and 3b that 

the values of Young’s modulus for smc -Fe is smaller than those for -Fe[N] of the same regime. 
Nanohardness of ultra fine grained iron is found to be in actual conflict with Hall-Petch relation 

στ=σ0 +kyd
-1/2

,
 
where σ0 is the mean flow stress of single crystal, ky is a Hall-Petch coefficient, d is 

grain size. Relation between stress and hardness is given by Tabor’s concept H=3σ. 

The data listed in Table 2 show that ky
*
 coefficient for ultra fine grain regimes is much smaller 

compared to the value ky = 0.39 MPa·m
½

 that is typical for conventionally grained iron. 

Furthermore, ky
*
 coefficient tend to decrease as the grain size decreases in the range from smc-

regime to nc-regime. As applied to structural regime of the same scale ky
*
 coefficient for -Fe[N] is 

by order magnitude is smaller than that for -Fe  and it takes even negative value for -Fe[N] of 
nc-regime. The results of the present study agree with the data related to the scale effect on 

hardening the ultra fine metallic structures induced by SPD and reported in [2, 5, 13]. Following 

“composite model” of Mughrabi [11] this abnormal mechanical behaviour one tries to explain by 

highly increased role of interfacial defects, leading to great allowance for grain boundaries sliding 

and even to grain rotation. However, the results presented in Table 2 indicate that secondary 

precipitation Fe4N-phase formed after further natural ageing fundamentally changes mechanical 

behaviour of ultra fine grained -Fe[N]. Appearance of precipitation Fe4N-phase causes ky
*
 

coefficient to increase, returning the positive value to this coefficient in nc-regime.  

 

Table 2. Hall-Petch coefficient ky and H0 value for single crystals of particular dislocation density 

 

Parameter -Fe -Fe[N] -Fe[N] after ageing 

 nc-regime smc-regime nc-regime smc-regime nc-regime smc-regime 

Ho
*
, [GPa] 4.49 4.18 5.53 4.12 4.85 3.20 

ky
*
, [MPa·m

½
] 0.135 0.168 - 0.070 0.035 0.045 0.105 

 

It could be seen in Table 2 that the values of nanohardness H0
*
 for ultra fine grained regimes 

induced by FT, FN, and FN with further ageing are different from that for conventionally grained 

iron, H0 =3.0 GPa. The last one was determined in experiments with coarse-grained matrix for 

which size of grain about 100 m is much superior to that of nanohardness indentation. This 
evidence above allows us to suggest the appreciable contribution of dislocation density in 

nanohardness of ultra fine-grained structure induced by SPDD.  
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Figure 4. Relation between dislocation density, , 

and nanohardness for -Fe and that for -Fe[N]. 

For the data plotted in Fig. 4 hardening due to enhancing the dislocation density, , occurred 
with reducing the grain size down to nano metre scale is satisfactory described by well known 

relation στ = σ0 + Gb1/2 
where στ = σo

* 
is the mean flow stress for single crystal of particular 



dislocation density, σ0 is the mean flow stress for single crystal with no dislocations, G is shear 

modulus, b is the Burgers vector of dislocation in iron,   0.5 is nondimensional coefficient.   

Generally, the value of member Gb for refined -Fe is found to be the same as that calculated 
for iron when G=82 GPa and it is superior by order magnitude to that demonstrated by 

deformation-induced structure of -Fe[N]. From the physical point of view this fact indicates that 

solute nitrogen slows down the role of dislocation density in hardening ultra fine grained -Fe[N]. 

Plasticity characteristic A. The results indicate that both nanohardness and Young’s modulus 

contribute to variation of plasticity characteristicA, i.e. parameter A increases as nanohardness 
decreases whereas the opposite is true when Young’s modulus decreases.  

Generally, nc -Fe[N] after ageing demonstrates the greatest value of hardness and has plasticity 

characteristic A that is only 15% smaller than critical value A 0.9 at which bulk metallic 
materials exhibit brittle behaviour under uniaxial tensile tests [10]. 

5. Concluding Remarks 

The results of the present study hold the key for greater understanding the relationships between 

elastic/plastic properties and multiphase deformation-induced structure of metallic materials 

including those reinforced by nanocrystalline particles of precipitation phase. Special attention 

should be paid to the development of novel modified technique denoted by SPDD that give the 

great allowance for improvement of nitriding process. In this way nanocrystalline metals and alloys 

treated by SPDD is believed to be promising both for the current basic research and for application 

in engineering practice.  
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