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Abstract 

The influence of Mo alloying on annealing-induced hardening in ultrafine-grained (UFG) Ni 

is studied. The hardening observed after low temperature annealing is explained by the 

annihilation of mobile dislocations and a concomitant clustering of the remaining 

dislocations into low energy configurations. This study reveals that, with increasing Mo 

concentration, the hardening effect decreases as the Mo solute atoms hinder the annihilation 

and rearrangement of dislocations. This trend is the opposite to that observed in 

electrodeposited Ni-Mo alloys where the larger alloying element concentration yields a 

higher annealing-induced strengthening effect. The difference is attributed to the different 

deformation mechanisms in UFG and nanocrystalline Ni-Mo alloys. 
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1. Introduction 

Bulk ultrafine-grained (UFG) and nanocrystalline materials often exhibit high strength with a 

concommitant low ductility.[1,2] Former studies showed that short time annealing at moderate 

temperatures may improve the ductility considerably while the strength decreases only 

slightly.[3-7] Interestingly, an opposite effect of heat-treatment was also observed in UFG and 

nanocrystalline solid solutions, namely a hardening caused by annealing.[8-13] In UFG 

materials processed by severe plastic deformation (SPD) techniques, this effect was explained 

by the annihilation of mobile dislocations during annealing.[10] Then the reduced mobile 

dislocation density makes plastic deformation more difficult, leading to hardening.  

A different mechanism of annealing-induced hardening was observed in nanocrystalline 

alloys. A recently published study demonstrated that for electrodeposited nanocrystalline Ni-

Mo alloys with grain sizes of ~3-25 nm an annealing at 600-800 K resulted in hardening.[13] 

This effect was explained by the segregation of Mo atoms at the grain boundaries which may 

lead to a more difficult occurrence of grain boundary mediated deformation mechanisms, such 

as grain boundary sliding. Therefore, for higher Mo concentrations the annealing-induced 

increase in hardness was found to be larger. In SPD-processed UFG Ni-Mo alloys, the 

annealing-induced changes in the mechanical performance may differ significantly from the 

results observed for their electrodeposited nanocrystalline counterparts due to the much larger 

grain size in the UFG alloys. 

In the present work, the evolution of the strength and ductility during annealing of SPD-

processed UFG Ni-Mo alloys was investigated by tension. For this purpose, two alloys with 

low (~0.3 at.%) and high (~5 at.%) Mo concentrations were processed by high-pressure 

torsion (HPT) at room temperature (RT). Henceforth, the materials containing ~0.3 at.% and 

~5 at.% Mo are designated Low-Mo and High-Mo, respectively. For a study of the annealing-

induced changes in the mechanical behavior, the HPT-processed samples were annealed to the 

beginning and the end of the exothermic signal observed in a calorimeter. These temperatures 
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were 600 and 830 K for the Low-Mo alloy and 630 and 1000 K for the High-Mo specimens, 

respectively. Then, the mechanical performance of the HPT-processed and the annealed 

specimens was evaluated by tension. The annealing-induced changes in the mechanical 

performance are correlated to the change of the lattice defect structure (dislocations and grain 

boundaries). It is noted that only the parameters of the microstructure (e.g., grain size, 

dislocation density and low-angle grain boundary fraction) are now presented without 

showing the electron microscopy images and X-ray diffraction patterns which were published 

previously.[14,15] The same applies for the thermograms determined by calorimetry. 

 

2. Results and Discussion 

The engineering stress-strain curves for the Low- and High-Mo alloys are shown in Fig. 1a 

and b, respectively. The yield strength, the ultimate tensile strength, the uniform elongation 

and the elongation to failure were determined from the tensile curves and plotted for the Low- 

and High-Mo alloys in Fig. 2a and b, respectively. These values were obtained as the average 

of the values measured for the two samples fabricated from one disk. The errors in the datum 

points were calculated as the difference between the average and the individual values 

obtained for the two tensile specimens. For some datum points, the error is smaller than the 

symbol size, therefore in this case the uncertainty of the value is represented by the dimension 

of the symbol. The yield and ultimate tensile strength values for the HPT-processed Low-Mo 

sample were ~970 and ~1140 MPa, respectively (see Fig. 2a). The higher Mo concentration 

increased both the yield and ultimate tensile strength to ~1370 and ~1570 MPa, respectively, 

which can be explained by the higher solute content, the smaller grain size and the higher 

dislocation density (see Fig. 3). 

Annealing of the HPT-processed Low-Mo alloy to ~600 K increased the yield strength and 

the ultimate tensile strength by 19 and 13%, respectively (see Fig. 2a). This heat-treatment 

yielded no change in the ductility as the uniform elongation and the elongation to failure 
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remained ~3 and ~40%, respectively. It should be noted that the present experiments were 

carried out on miniature tensile specimens for which both the ratio of gauge length to width 

and the sample thickness are smaller than for a standard tensile specimen. A former study 

showed that the measured elongation to failure usually increases with decreasing ratio of 

gauge length to width and increasing specimen thickness.[16] Therefore, the two effects nearly 

compensate each other by comparing the data obtained on these miniature specimens with a 

standard sample having dimensions of 5 × 1 × 1 mm3. In addition, the present study focuses 

on the increase of strength due to annealing and not on the change of ductility. 

For an explanation of the annealing-induced hardening in the Low-Mo sample, the 

microstructures in the HPT-processed and annealed specimens are compared (see Fig. 3a). 

During annealing to ~600 K, the dislocation density decreased from 27 ± 3 × 1014 m-2 to 17 ± 

2 × 1014 m-2 while the grain size remained unchanged (~180 nm) which suggests that only 

recovery occurred. During this recovery, the dislocation arrangement parameter decreased 

significantly, indicating a more clustered dislocation configuration after annealing. The more 

clustered dislocation arrangement within the grains has a higher strengthening effect, resulting 

in a hardening, despite the decrease of the dislocation density.[17] The arrangement of 

dislocations into low energy configurations (e.g., into subgrain boundaries) is also confirmed 

by the increase of the LAGB fraction (see Fig. 3a). The higher strengthening effect of this 

more clustered dislocation arrangement may cause the hardening observed after annealing to 

~600 K, despite the significant reduction in the dislocation density. In addition to this effect, 

the annihilation of mobile dislocations may also contribute to the hardening observed after 

annealing since the reduced mobile dislocation density makes plastic deformation more 

difficult as discussed elsewhere.[10] Moreover, former molecular dynamic simulations showed 

that the relaxation of non-equilibrium grain boundaries during annealing can lead to a 

hindered emission of dislocations from grain boundaries which also induces hardening.[8] 
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For the High-Mo alloy, annealing to ~630 K resulted in a much lower hardening than for the 

Low-Mo alloy (see Fig. 2). During this heat treatment, the dislocation density and the 

dislocation arrangement parameter decreased while the grain size remained unchanged (~130 

nm), similar to the behavior of the Low-Mo alloy. In addition, the fraction of LAGBs in the 

High-Mo alloy also increased during annealing to ~630 K. The lower annealing-induced 

hardening in the High-Mo sample can be explained by the hindering effect of the higher Mo 

content on the annihilation of mobile dislocations and the clustering of the remaining 

dislocations. The change of ductility in this specimen was also marginal and similar to the 

Low-Mo alloy. 

An annealing-induced strengthening has already been observed for other UFG or 

nanocrystalline materials.[8-13] It was shown for electrodeposited nanocrystalline Ni films that 

the segregation of impurities and alloying elements to the grain boundaries during annealing 

may lead to a more difficult occurrence of grain boundary mediated deformation mechanisms, 

such as grain boundary sliding and grain rotation, resulting in hardening.[9,11] As a 

consequence, the larger alloying element concentration in Ni will yield a higher annealing-

induced strengthening effect as was demonstrated for electrodeposited Ni-Mo alloys with 

grain sizes between ~3 and ~25 nm.[13] With increasing Mo content from 0.8 to 21.5 at.%, the 

grain size decreased from ~25 to ~3 nm and the hardness increment induced by annealing 

increased from ~20 to ~125%. At the same time, for the present HPT-processed Ni-Mo alloys 

the annealing-induced strengthening decreased with increasing Mo content: the increase of the 

yield strength in the Low-Mo and the High-Mo alloys are ~19% and ~2.4% during annealing 

to 600 and 630 K, respectively (see Fig. 2). The opposite trend can be explained by the much 

larger grain size for the HPT-processed Ni-Mo alloys (~130-180 nm), resulting in a less 

significant role of grain boundary sliding in plasticity. Rather, for the UFG Ni-Mo alloys the 

change of the dislocation strengthening during the heat-treatments plays a crucial role in the 

annealing-induced hardening effect. In the High-Mo alloy, the higher solute Mo content 



    

 6 

hinders the annihilation of mobile dislocations and the arrangement of the remaining 

dislocations into low energy configurations during the heat-treatment to ~630 K. Therefore, 

the annealing-induced hardening is less pronounced for the High-Mo with smaller grain size 

than for the Low-Mo alloy. 

For the Low-Mo sample, between 600 and 830 K the strength values decreased due to the 

increase of the grain size to ~870 nm and the reduction of the dislocation density below ~1013 

m-2. In addition, the ductility was significantly improved. The strength reduction and the 

ductility increase for the High-Mo alloy annealed to the end of the exothermic signal (~1000 

K) were lower than for the Low-Mo sample, despite the larger temperature for the former 

alloy. This is due to the much better stability of the High-Mo alloy (the gran size increased 

only to ~300 nm at ~1000 K). It is noted that both alloys remained solid solutions during 

annealing as proven by X-ray diffraction experiments, therefore there was no influence from 

precipitation on the mechanical properties. 

 

3. Conclusions 

1. Annealing to ~600 K resulted in a considerable hardening for the Low-Mo alloy while the 

ductility remained unchanged. The annealing-induced hardening was explained by the 

annihilation of mobile dislocations and the clustering of the remaining dislocations into 

subgrain boundaries. 

2. An increase of the Mo concentration in UFG Ni led to a much lower annealing-induced 

hardening which was explained by the hindering effect of Mo atoms on the annihilation and 

clustering of dislocations. Therefore, the influence of Mo content on the annealing-induced 

hardening in UFG Ni-Mo alloys is opposite to the trend observed formerly for their 

nanocrystalline counterparts due to the different strengthening mechanisms. 

3. Annealing to high temperatures resulted in a simultaneous reduction in the strength and an 

improvement in the ductility in UFG Ni-Mo alloys. The softening and the increase of ductility 
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were lower for the High-Mo alloy, indicating a better thermal stability of this sample 

compared to the Low-Mo alloy. 

 

Experimental 

 

Ni alloys with low (~0.3 at.%) and high (~5 at.%) Mo concentrations were used in this study. 

Disks with diameters of 10 mm and thicknesses of 1 mm were processed by HPT at RT for 20 

turns under quasi-constrained conditions.[18,19] The applied pressure and the rotation speed 

were 6.0 GPa and 1 rpm, respectively. 

During annealing of the HPT-processed Ni-Mo samples in a Perkin Elmer differential 

scanning calorimeter (DSC2), exothermic peaks were developed in the thermograms (not 

shown here) due to recovery and recrystallization. For a study of the annealing-induced 

changes in the mechanical behavior, the HPT-processed samples were annealed to the 

beginning and the end of the exothermic signal. These temperatures were 600 and 830 K for 

the Low-Mo alloy and 630 and 1000 K for the High-Mo specimen. The higher characteristic 

temperatures for the High-Mo alloy are due to the better thermal stability. During annealing, 

the samples were heated to the selected temperatures at a heating rate of 40 K/min and then 

quenched to RT at a rate of ~300 K/min. The microstructures of the specimens were 

characterized by electron backscatter diffraction (EBSD) using an FEI Quanta 3D scanning 

electron microscope (SEM). The EBSD images are not shown here due to space limitations. 

The average grain sizes and the fraction of the low-angle grain boundaries (LAGBs) were 

determined from the EBSD data. The grains were considered as the regions in the EBSD 

images bounded by high-angle grain boundaries (HAGBs) having misorientation angle >15°. 

The number-averaged grain size values were then determined for the HPT-processed and the 

annealed samples. The LAGBs were defined as boundaries with misorientations between 2 

and 15°. 
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The dislocations in the SPD-processed and the annealed Ni alloys were characterized by X-

ray line profile analysis (XLPA). The diffraction patterns were measured by a rotating anode 

X-ray diffractometer (manufacturer: Rigaku) using CuKα1 radiation. The average dislocation 

density and the dislocation arrangement parameter were determined by the CMWP fitting 

procedure.[20] The dislocation arrangement parameter characterizes the clustering of 

dislocations. Smaller values of the dislocation arrangement parameter denote a more shielded 

strain field of dislocations due to their arrangement into low energy configurations, such as 

low-angle grain boundaries or dipolar walls. 

Tensile specimens were prepared from the disks processed by HPT and the samples annealed 

after HPT. Two miniature tensile specimens were cut from each HPT-processed disk at the 

half-radius by electro-discharge machining (EDM). These two miniature tensile specimens 

were cut symmetrically on either side of the centre of the disk. The thickness of the HPT-

processed disk was ~0.80 mm. However, as a consequence of the elastic distortion of the 

anvils during HPT, the surface of the HPT-processed disk became curved.[21] So the upper and 

lower surfaces of the HPT-processed disks were ground using abrasive papers to a thickness 

of ~0.60 mm before EDM cutting in order to obtain a uniform thickness and remove any 

surface irregularities. The gauge length and width of the tensile specimens were 1.1 and 0.95 

mm, respectively. Tensile tests were preformed on a Zwick Z030 testing machine. All 

miniature tensile specimens were pulled to failure at room temperature with an initial strain 

rate of 10-3 s-1. 
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Figure 1: Engineering stress-strain curves obtained by tension for the HPT-processed and 

annealed states of (a) the Low- and (b) High-Mo alloys. 

 

Figure 2: The yield strength, the ultimate tensile strength, the uniform elongation and the 

elongation to failure determined for the HPT-processed and annealed states of (a) the Low- 

and (b) High-Mo alloys. 
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Figure 3: The grain size, the dislocation density, the dislocation arrangement parameter and 

the LAGB fraction determined for the HPT-processed and annealed states of (a) the Low- and 

(b) High-Mo alloys. 
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