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Abstract: 

Impurity atoms have a significant effect on the strength of metals processed by severe plastic 

deformation (SPD), but their strengthening mechanism is still under argument. To gain an insight 

into the strengthening mechanism, iron samples with different purity levels such as 99.96% (IF 

steel), 99.94% (Armco steel), 99.88% and 97.78% and with different initial states (bulk, powder 

and ball-milled) were processed by high-pressure torsion (HPT). The steady-state hardness and 

tensile strength for the materials with the micrometer and submicrometer grain sizes reasonably 

followed the Hall-Petch relationships reported earlier for pure iron and mild steels. However, the 

nanograined materials followed an inverse Hall-Petch relationship. It was shown that the 

occurrence of softening by the inverse Hall-Petch effect can be significantly avoided by 

stabilizing the grain boundaries using carbon atoms. These findings indicate that the extra 

hardening by impurity atoms is mainly due to the grain-boundary strengthening mechanism. 

 

Keywords: severe plastic deformation (SPD); ball milling; powder consolidation, ultrafine-
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1. Introduction 

Processing metals through the severe plastic deformation (SPD) methods [1,2] such as 

high-pressure torsion (HPT) [3,4], accumulative roll-bonding (ARB) [5,6], equal channel angular 

pressing (ECAP) [7,8] and twist extrusion (TE) [9,10] leads to significant grain refinement and 

resultant high strength and high hardness. Such a hardening is usually attributed to the Hall-

Petch effect [11,12], but some studies strongly suggested that the dislocations have a more 

significant effect than the grain boundaries on the strength of SPD-processed materials [13,14].  

Iron (Fe) is among the most investigated metals in the SPD studies. Although there are 

several attempts to process Fe by ARB [6,15,16], ECAP [17-21] and TE [22], the HPT method 

has been the most popular processing route for this relatively hard metal [23-67]. The first 

attempt on HPT processing of Fe appeared in 1935, when Bridgman processed different kinds of 

metals using the first HPT facility [68]. In 1955, Bridgman processed Fe by HPT again to find an 

evidence for the -phase formation, but his attempt was not successful [69]. More details 

concerning the old publications on HPT processing of Fe was reviewed in Ref. [70]. The 

application of HPT to Fe in recent decades started with a work by Valiev et al. in 1990, which 

reported new magnetic properties for ultrafine-grained (UFG) Fe [23]. Following this publication, 

the focus of majority of works on SPD processing of Fe has been on the microstructural 

evolutions and enhanced mechanical properties [23-67], although the magnetic properties [56] 

and phase transformations [31] of UFG Fe are still of interest. 

Close examination of publications on HPT processing of Fe indicates that the deviations 

of reported mechanical properties and grain sizes are in a wide range mainly because of the 

difference in the purity levels and partly because of the processing routes [15-69]. For example, 

the reported hardness values for HPT-processed Fe are in a wide range from 300 HV [34] to 

1200 HV [60] with the grain sizes ranging from 20 nm [60] to 600 nm [35]. Currently, there is 

no general agreement on the mechanism of extra hardening by impurity atoms. It was suggested 

that the impurity atoms can enhance the solution hardening effects in UFG materials by pining 

the dislocations [71] or they can stabilize the grain boundaries by pining the boundary migration 

[3,72]. Despite earlier publications on various UFG materials and particularly on Fe, systematic 

studies are still required to get an insight into the mechanism of extra strengthening by impurity 

atoms. 

In this study, Fe with various purity levels is processed by HPT and the evolutions of 

hardness, tensile properties and microstructure are investigated. It is shown that the Hall-Petch 

mechanism [73,74] is reasonably explains the mechanical properties, but a break in the Hall-

Petch relationship occurs (i.e. inverse Hall-Petch effect appears [75-77]), when the grain sizes 

are at the nanometer level. It is also shown that the softening for nanograined Fe can be 

significantly avoided by stabilizing the grain boundaries using carbon atoms, as attempted by 

Borchers et al. [60]. 

 

2. Experimental Materials and Procedures 

Four Fe samples with different initial states, different purity levels and different initial 

grain sizes were received in this study as given in Table 1: discs of IF steel (10 mm diameter and 

0.8 mm thickness) with 99.96% purity and 140 m grain size; discs of Armco steel (10 mm 

diameter and 0.8 mm thickness) with 99.94% purity and 33 m grain size, commercially pure Fe 

powders with 99.88% purity and 10 m grain size; and ball-milled Fe powders with 97.78% 

purity and 26 nm grain size (17 hours milling with a speed of 160 rpm and a ball-to-powder mass 

ratio of 27 under argon atmosphere in stainless steel vial). The chemical compositions in Table 1 
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were measured by spark analysis for metallic elements, by combustion technique for C and S, 

and by inert gas fusion technique for O. The grain size of the ball-milled powder was measured 

by X-ray diffraction using CuKα radiation by employing a modified Williamson-Hall method 

[78] (contrast factors for every reflection were taken from the works of Revesz et al. [79]). The 

grain sizes of three other materials were measured by optical microscopy after etching using a 

solution of 90% C2H5OH and 5 vol.% HNO3 for 2 min. Initial microstructures of IF and Armco 

steels are shown in the optical micrographs of Figs. 1(a) and (b), respectively, and the 

appearance of commercially pure and ball-milled Fe powders are shown in the scanning electron 

microscopy (SEM) images of Figs. 1(c) and (d), respectively.  

As given in Table 2, the HPT process was carried out at room temperature (300 K) or at 

473 K using a facility having a pair of anvils made of tool steel. There was a shallow hole with 

10 mm diameter and 0.25 mm depth at the center of each anvil. Each disc sample or 0.6 g of 

powders was placed on the hole of lower anvil. After compression under a pressure of P = 2 GPa 

or 6 GPa, the samples were strained by rotating the lower anvil with respect to the upper anvil 

for N = 1/8 to 20 turns with a rotation speed of 0.2 rpm or 1.0 rpm. Since Fe (99.96%) is rather 

soft and an earlier study showed that its steady-state hardness is the same after processing under 

2 and 6 GPa [37], the material was processed under a pressure of 2 GPa to reduce the damages to 

the HPT anvils.  

After HPT processing, the samples with the processing conditions given in Table 2 were 

examined by Vickers microhardness, tensile test and transmission electron microscopy (TEM), 

described below. 

First, the disc samples were polished to mirror-like surfaces and their Vickers 

microhardness was measured using a load of 200 g for Fe (99.96%) and 500 g for Fe (99.94%), 

Fe (99.88%) and Fe (99.78%) with 15 s duration. The hardness of all HPT-processed discs were 

measured at 8 different radial directions with 0.5 mm increments. The average values of hardness 

at each distance from the disc center was evaluated as a function of equivalent von-Mises strain, 

as attempted in Ref. [34]. The hardness of ball-milled powder was evaluated by Vickers 

indentations with a load of 100 g after mounting and polishing. 

Second, the disc samples were polished on both sides and their thickness was reduced to 

0.5-0.6 mm. Thereafter, miniature tensile specimens having 0.6-1 mm gauge width and 1-1.5 

mm gauge length were cut from the samples using an electric discharge wire-cutting machine 

and were pulled to failure with an initial strain rate of 3.3×10
-3

 s
-1

. See Refs. [34,80] for the 

detailed geometry of tensile specimens. 

Third, small discs with 3 mm in diameter were cut from 2-5 mm away from the center of 

discs processed by HPT for N = 20 and their thickness was reduced to 0.1 mm by smooth 

mechanical grinding. The 3 mm discs were further thinned for electron transparency with a twin-

jet electrochemical polisher using a solution of 90 vol.% CH3COOH and 10 vol.% HClO4 with 

an applied voltage of 14 V at ambient temperature. The microstructures of samples were 

examined by TEM at 200 or 300 kV using bright-field images, dark-field images and selected 

area electron diffraction (SAED) patterns. The average grain sizes were estimated from the dark-

field images by measuring the two orthogonal axes of the bright areas for more than 50 grains. 

 

3. Results 

Figure 2 shows the variation of hardness against the distance from disc center for Fe 

samples with the purity levels of (a) 99.96%, (b) 99.94%, (c) 99.88 % and (d) 97.78% after HPT 

processing for 1/8-20 turns. For the samples with the purity levels of 99.96%, 99.94% and 
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99.88 %, the hardness increases with increasing the distance from the disc center and with 

increasing the number of turns, and the hardness values are higher than the initial hardness levels. 

The hardening with increasing the distance from the disc center and number of turns is simply 

due to the strain hardening effect. Figure 2(c) shows that the hardening rate is smaller, when the 

processing temperature is higher. However, the maximum hardness levels are relatively similar 

after processing at room temperature and 473 K. For the samples with a purity level of 97.78%, 

the hardness values are reasonably independent of the number of turns and of the distance from 

the disc center and all hardness data are below the hardness levels for the initial nanograined 

ball-milled powders. Such a strain-induced softening by HPT processing was reported earlier 

when the initial materials have unstable nonograined structure such as in electrodeposited Ni 

[4,81], cryomilled Cu [82] and electrodeposited Ni-Fe [83]. 

The influence of strain on hardening and softening behaviors of four selected alloys are 

shown more clearly in Fig. 3, where all hardness values in Fig. 2 are plotted as a function of von-

Mises equivalent strain (ε=γ/√  in which =2rN/h; : shear strain; r: distance from disc center, 

N: number of turns, h: average disc thickness [2,34]). Examination of Fig. 3 indicates several 

main points. 

(i) All hardness data for each material fall well on a single curve, indicating that the strain is 

the main factor determining the hardness levels. 

(ii) For the samples with the purity levels of 99.96%, 99.94% and 99.88%, the hardness 

increases with increasing the strain and finally saturates to the steady states. The hardness 

values for the samples processed for 20 turns fall well at the steady states and are reasonably 

independent of strain. The occurrence of steady state at large strains is due to a balance 

between the formation and annihilation of lattice defect such as dislocations and grain 

boundaries [4]. This behavior at large strains was reported in a wide range of metals [84-88] 

and alloys [3,54] with moderate or high melting temperatures. 

(iii) For the samples with a purity level of 97.78%, the hardness level after HPT decrease below 

a level for the initial state. This softening behavior was reported when the initial material 

has unstable noanograins [81-83], when the material transforms to the phases that are softer 

than the initial phase [89,90], when the metals with low melting temperatures such as In, Sn, 

Pd and Zn are processed by HPT [91,92], or when ultrahigh pure metals with moderate 

melting temperature such as Al are processed at ambient or cryogenic temperature [93,94]. 

The former case should be the reason for the softening of ball-milled Fe (97.78%) powders 

in this study. 

(iv) For the Fe (99.88%) powders, the rate of hardening is slower after HPT processing at 473 K 

when compared with that after processing at ambient temperature. This is a natural 

consequence of low strain hardening rates at higher temperatures [4]. 

(v) The steady-state hardness levels significantly increase with increasing the purity level from 

306 Hv for Fe (99.94%) to 610 Hv for Fe (97.78%). The mechanism for this extra hardening 

by impurity atoms will be discussed in the discussion session. 

Tensile stress-strain curves are shown in Fig. 4 for the HPT-processed Fe samples with 

the purity levels of (a) 99.96%, (b) 99.94%, (c) 99.88 % and (d) 97.78%. The general trend is 

that the strength increases after HPT processing, but the ductility decreases. Moreover, the 

increase in the strength is more significant, when the number of HPT turns increases due to the 

strain hardening effect. For the Fe (99.88%) powder, the high strength and slight ductility 

suggest the occurrence of good consolidation, especially when the samples are processed at 

elevated temperature. The current results together with numerous publications on consolidation 



5 
 

of various kinds of crystalline and amorphous powders and chips [95-99] confirm the potential of 

HPT for cold or low-temperature consolidation. For the ball-milled Fe (97.78%) powder, despite 

processing at 473 K, all samples break in the elastic region, indicating that their consolidation is 

not perfect. Further heat treatment of this sample at 848-923 K resulted in improving the ductility 

and decreasing the strength, as discussed in the Appendix and shown in Fig. A1. 

TEM bright-field images, dark-field images and corresponding SAED patterns are shown 

in Fig. 5 for the Fe samples with the purity levels of (a) 99.96%, (b) 99.94%, (c, d) 99.88 % and 

(e) 97.78% after HPT processing for 20 turns, where (a-c) were processed at room temperature 

and (d, e) were processed at 473 K. For all samples, the SAED pattern exhibits a complete ring 

form, indicating that the microstructures consist of small grains with random misorientations. It 

is also evident from both bright-field and dark-field images that the grain sizes are at the 

submicrometer or even nanometer level. Statistic measurement of the grain sizes using the dark-

field images suggests that the average steady-state grain sizes for Fe (99.96%), Fe (99.94%) and 

Fe (99.88%) processed at room temperatures are 350±120 nm, 340±50 nm and 230±70 nm, 

respectively. The average grain size for Fe (99.88%) and Fe (97.78%) processed at 473 K are 

240±50 nm and 110±70 nm. The unusual grain growth of ball-milled powder after HPT 

processing is consistent with the grain coarsening reported earlier in a few other HPT-processed 

nanograined metallic materials [81-83] and oxides [100,101]. The measured grain sizes are 

consistent with the strength and hardness of different Fe samples after HPT processing at room 

temperature and 473 K. Taken all together, these results confirm that the grain size of Fe 

decreases with increasing the impurity level, in good agreement with the earlier reports on HPT-

processing of other meals [4,54,92]. 

 

4. Discussion 

Extra strengthening by increasing the amount of impurity atoms can be described by 

three possible scenarios. First, the extra strengthening by impurity atoms is due to enhanced solid 

solution hardening, as suggested by Rupert et al. for nanograined materials [71]. However, an 

earlier publication confirmed that the effect of solution hardening on the total hardness is less 

than 15% for a wide range of HPT-processed metallic materials [54]. Second, impurity atoms 

can pin the motion of dislocations and increase the density of dislocations [102,103], as there are 

strong supports concerning the significance of dislocations on the hardening of HPT-processed 

materials [13,104]. The X-ray peak profile analysis is currently the main method that is used to 

evaluate the density of dislocations [105], but the estimated values by this indirect method are 

usually much higher than those measured directly by TEM observations, as shown in a few 

publications on Cu [106], Fe [107] and Cu [108]. Therefore, in the authors’ view, precise 

examination of the effect of dislocations is quite difficult because of the current drawbacks in the 

estimation of real dislocation density. Third, the solute atoms pin the grain boundary mobility 

and reduce the grain size, which is consistent with the experimental data presented in this 

manuscript. The significant effect of grain size on the hardness of UFG materials was shown 

earlier for various kinds of metals [44] and alloys [54]. As discussed below, one reasonable 

approach to examine the extra strengthening by impurity atoms is to compare the data achieved 

in this study for HPT-processed Fe with the Hall-Petch relationships reported earlier for Fe. 

Numerous studies reported equations for the Hall-Petch strengthening mechanism in pure 

Fe (see a review in [109]), and among them the equation reported by the group of Takaki is one 

of the most reliable one, which was verified by comprehensive studies [110-112]. 
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 [MPa] = 100 + 600 d [m]
1/2

 (1) 

 

In this equation,  is the strength and d is the average grain size. Another equation, that could 

reasonably explain the strength versus grain size relation in low-purity Fe and mild steels, was 

proposed by William and Hashemi [113]. 

 

 [MPa] = 70 + 0.74 d [m]
1/2

 (2) 

 

A compression between these two equations and the data achieved in this study is shown in Fig. 

6. It should be noted that the hardness values in Fig. 6 were converted to normal strength by 

dividing the hardness by a factor of 3 [114]. Figure 6 shows several important points. 

First, the data for both tensile strength and hardness reasonably follow the Hall-Petch 

relationships suggested by Takaki et al. [110-112] and William and Hashemi [113]. This 

indicates that the reduction of grain size and grain boundary strengthening are mainly 

responsible for the extra hardening by impurity atoms. It should be noted that the data reported 

by Benito et al. for Fe with various carbon levels after ball milling and hot consolidation [115] 

also follow the Hall-Petch relationship, as discussed in the Appendix and shown in Fig. A2. The 

deviations of the data in Figs. 6 and A2 should be mainly due to effect of carbon on the slope of 

Hall-Petch plot, as discussed by Takaki [112]. Another reason for the deviations is the 

contribution of other strengthening mechanisms. 

Second, the ball-milled Fe (97.78%) with an average grain size of 26 nm exhibits an 

apparent break in the Hall-Petch relationship. Note that the grain size for the ball-milled powder 

was measured by X-ray line profile analysis, but the size should be reliable because the method 

gives very good consistency with the TEM measurements when the grain sizes are below 30 nm 

(see a review by Ungar in [116]). Moreover, since the hardness for ball-milled powders were 

measured directly on the powders by a mounting technique, the hardness levels deviate 

significantly. However, as shown in Fig. 6, the hardness of this sample is below the Hall-Petch 

level even by considering the standard deviations. The softening effect in the ball-milled powder, 

which was reported as an inverse or reverse Hall-Petch effect in different nanometals [75-77], is 

due to the contribution of grain-boundary-mediated processes through the dislocation-based 

mechanism, diffusion-based mechanism, grain-boundary-shearing mechanism and two-phase-

based mechanism, as discussed by Carlton and Ferreira [117]. It should be noted that molecular 

dynamic simulation predicted a break in the Hall-Petch relationship for Fe at grain sizes smaller 

than 14.7 nm [118]. Moreover, experimental studies suggested that the inverse Hall-Petch effect 

is enhanced in Fe in the presence of solute atoms [119]. 

Third, Borchers et al. attempted to stabilize the grain boundaries of nanograined Fe by 

carbon atoms through co-milling of Fe and 0.4 wt.% C followed by HPT processing [60]. Figure 

6 shows that the hardness of their materials, having 20-23 nm, is so close to the reported Hall-

Petch relationship, indicating that the inverse Hall-Petch relationship can be significantly 

avoided by stabilizing the grain boundaries using the impurity atoms. Similar approach was 

recently employed by Hu et al. to avoid the inverse Hall-Petch effect in electrodeposited Ni-Mo 

[72]. Taken all together, the current data suggests that the Hall-Petch strengthening mechanism is 

the dominant mechanism determining the effect of impurity atoms on the hardening of UFG Fe. 

 Finally, it should be noted that Starink recently proposed a model regarding the 

strengthening mechanisms of severely deformed materials [14]. He concluded that the classic 

Hall-Petch relationship includes both grain-boundary strengthening mechanism and the 
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dislocation strengthening mechanism because of the correlations between these two mechanisms. 

Dieter also suggested similar idea decades ago regarding the correlation between the dislocation 

density and grain size [120]. Despite the ideas presented in these publications, separating the 

magnitude of dislocation strengthening and grain-boundary strengthening in the Hall-Petch 

relationship remains as an open question due to current limitations in the estimation of real 

dislocation density. 

 

5. Conclusions 

Iron with different purities (99.96%, 99.94%, 99.88% and 97.78%) and different initial 

states (bulk, powder and ball-milled) was severely deformed by high-pressure torsion (HPT) and 

the following conclusions were drawn 

(1) The hardness and tensile strength increased and the steady-state grain size decreased with 

the reduction of purity level regardless of the initial state and processing route. 

(2) The mechanical properties could be reasonably explained by the Hall-Petch relationships 

reported for pure iron and mild steels, but an inverse Hall-Petch relationship was observed 

by decreasing the grain size to the nanometer level. 

(3) It was concluded that the strengthening by impurity atoms is mainly due to the Hall-Petch   

grain boundary strengthening mechanism. 

 

Appendix 

Figure A1 shows the tensile stress-strain curves for the ball-milled Fe (97.78%) powders 

after HPT processing for 20 turns at 473 K and post-HPT annealing at 848-923 K for 1 h. While 

the sample annealed at 848 K breaks in the elastic region without showing any ductility, the 

samples annealed at higher temperatures exhibit improvement in the ductility. Increasing the 

annealing temperature improves the tensile ductility, but reduces the strength. The current results 

suggest that although all HPT-processed samples (regardless of their purity level or grain size) 

exhibit poor ductility at the steady state, the combination of strength and ductility can be 

improved by selecting appropriate post-HPT annealing conditions. 

Figure A2 shows a compression between the mechanical properties achieved by Benito et 

al. for Fe with various carbon contents after ball milling followed by hot consolidation at 

different temperatures [115] with the Hall-Petch plots reported by Takaki et al. [110-112] and by 

William and Hashemi [113]. Despite some scatterings especially for the samples with high 

carbon contents, the data points can be reasonably described by the Hall-Petch plots, indicating 

the significance of grain boundaries on strengthening. As discussed by Takaki [111], the slope of 

Hall-Petch plot increases with increasing the carbon content and this should be the main reason 

for the scattering of data points in Fig. A2. Another reason for the scattering should be due to 

effect of other strengthening factors such as dislocations and solute atoms. 
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Table 1. Purity levels of Fe samples and their main impurities, initial states and grain sizes. 

 Purity 
C 

(wt.%) 

O 

(wt.%) 

Cr 

(wt.%) 

Ni 

(wt.%) 

S 

(wt.%) 
Initial State 

Initial 

Grain Size 

99.96% 0.0011 0.0014 <0.003  0.0014 Disc 140 m 

99.94% 0.0015  0.03 0.02 0.0041 Disc 33 m 

99.88% 0.002 0.11 
  

0.007 Powder 10 m 

97.78% 0.07 0.75 0.89 0.49 0.016 Ball-milled 26 nm 
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Table 2. HPT processing conditions selected for examination of Fe samples with different purity 

levels. 

 Purity 
Temperature 

(K) 

Pressure 

(GPa) 

Rotation 

Speed (rpm) 

Number of Turns, N 

Hardness Test Tensile Test TEM 

99.96% 300 2 0.2 
1/8, 1/4, 1/2, 1, 

2, 4 , 10, 20 
1/4, 1, 10 20 

99.94% 300 6 1.0 
1/4, 1/2, 3/4, 1, 

2, 4, 10, 20 

1/2, 1, 2, 10, 

20 
20 

99.88% 300, 473 6 1.0 4, 10, 20 4, 10, 20 20 

97.78% 473 6 1.0 4, 10, 20 4, 10, 20 20 
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Figure 1. (a, b) Optical micrographs and (b, c) SEM micrographs for initial Fe samples with 

various purity levels as (a) 99.96%, (b) 99.94%, (c) 99.88% and (d) 97.78%. 
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Figure 2. Variations of Vickers microhardness against distance from disc center for Fe with 

various purity levels as (a) 99.96%, (b) 99.94%, (c) 99.88% and (d) 97.78% after HPT 

processing under different conditions. 
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Figure 3. Variations of Vickers microhardness against von Mises equivalent strain for Fe with 

various purity levels as (a) 99.96%, (b) 99.94%, (c) 99.88% and (d) 97.78% after HPT 

processing under different conditions. 
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Figure 4. Tensile stress-strain curves for Fe with various purity levels as (a) 99.96%, (b) 99.94%, 

(c) 99.88% and (d) 97.78% after HPT processing under different conditions. 
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Figure 5. TEM bright-field images (left), dark-field images (right) and SAED patterns (center) 

for Fe with various purity levels as (a) 99.96%, (b) 99.94%, (c, d) 99.88% and (e) 97.78% after 

HPT processing for 20 turns at (a-c) 300 K and (d, e) 473 K. 

  



22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Variations of tensile strength () and Vickers microhardness divided by 3 (HV/3) 

against inverse root of grain size (d
-1/2

) for initial and HPT-processed Fe samples with various 

purity levels in comparison with Hall-Petch relationships reported by Takaki et al. for pure Fe 

[110-112] and by Smith and Hashemi for mild steels [113]. The data for sample with 99.59% 

purity was taken from Borchers et al. [60]. 
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Figure A1. Tensile stress-strain curves for ball-milled Fe (97.78%) after HPT processing at 473 

K for 20 turns and post-HPT annealing at different temperatures for 1 h. Inset appearance of 

tensile specimen before testing. 
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Figure A2. Variations of tensile strength () and Vickers microhardness divided by 3 (HV/3) 

against inverse root of grain size (d
-1/2

) for Fe samples with different carbon contents after ball 

milling followed by hot consolidation at different temperatures in comparison with Hall-Petch 

relationships reported by Takaki et al. for pure Fe [110-112] and by Smith and Hashemi for mild 

steels [113]. The data were taken from Benito et al. [115]. 




