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ABSTRACT 

The irreversible damage at cracks during the fatigue of crystalline solids is well-known. Here we 

report on in-situ high-energy X-ray evidence of reversible fatigue behavior in nanocrystalline NiFe 

alloy both in the plastic zone and around the crack-tip. In the plastic zone, the deformation is fully 

recoverable as the crack propagates, and the plastic deformation invokes reversible interactions of 

dislocation and twinning in the nano-grains. But around the crack-tip lies a regime with reversible 

grain lattice re-orientation promoted by change of local stress state. These observations suggest 

unprecedented fatigue deformation mechanisms in nanostructured systems that are not addressed 

theoretically. 
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The accumulation of damage is a phenomenon occurring ubiquitously in various crystalline 

solids under cyclical stresses. In such processes, crack or void nucleation is initiated at structural 

singularities, but propagation causes the eventual failure. In polycrystalline materials, whether a 

crack propagates through grains or along grain boundaries (GBs), plasticity is induced ahead of the 

crack-tip, in a region called “plastic zone (PZ)” [1]. Under classic elastic-plastic framework, the 

plasticity is modeled with anisotropic dislocation glide on material-dependent slip systems [2]. As 

the crack advances, the dislocation debris generated in the PZ is permanently left behind, leading 

to broadened peaks when examined by diffraction techniques [3]. Recent studies demonstrate that 

the fatigue crack growth in nanocrystalline (NC) metals (with grain-size <100nm) is much faster 

than that in coarse-grained (CG) counterparts [4], suggesting different near-tip deformation 

mechanism and crack closure characteristics in NC metals. In-situ transmission electron 

microscopy (TEM) indicates that the concentrated local strain/stress at a crack-tip could cause 

extensive deformation in NC metals; e.g., dislocations, micro-twinning, or GB sliding/migration; 

but these activities are irreversible in thin TEM samples due to different stress state compared to 

those in real-life fatigue [5-7]. The question on what exactly happens in the vicinity of a fatigue 

crack-tip in bulk NC materials remains unknown. Here using a micron-size high-energy X-ray 

beam to overcome the challenging issues of millimeter-sized samples and site-specific 

deformations, we probe the local structures around a fatigue crack-tip in-situ in a NC Ni-Fe alloy 

and report revocable near-tip fatigue deformation. 

NC Ni-20wt.% Fe alloy was synthesized by pulse electrodeposition. TEM shows that the 

grains are ~10-20nm with some growth twins [see Fig. S1, Supplemental Material (SM)]. Using a 

miniature compact-tension (CT) specimen with crack length of 8mm (prepared after 1,783 cycles 

under Pmax=2020N, Pmin=20.2N, R=0.01, and frequency of 10Hz at room temperature in air (Fig. 

S2, SM), we started to map out an area of 1×1mm2 around the crack-tip at a lower load level PL 
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(=20.2N, corresponding to a stress intensity K of 0.3MPa·m1/2) and a higher load level PH (=1kN 

and K of 14.7MPa·m1/2) respectively, with a beam-size of 50×50μm2. Figs. 1(A-F) show the lattice 

strain distribution, peak width [full width at half maximum – FWHM of (111) peak], and intensity 

ratio of 200111 / II  in the loading direction (LD). First, at PL [Fig. 1(ABC)], significant compressive 

strain (in blue) is generated around the crack-tip, with small tensile strain (in red) ahead of the 

crack-tip, Fig. 1A. The compressive strain is most prominent in an area of ~0.2×0.5mm2 

(width×length) spanning the crack-tip. Surprisingly, there is a significant peak width reduction 

around the crack-tip concomitant with the compressive strain, Fig. 1B, contrary to peak width 

broadening by plastic deformation in conventional materials. Additionally, although the crack runs 

across half the specimen, as indicated by the white dash lines, the large compressive strain 

terminates abruptly at ~X=780μm at both load levels, as marked by the arrow in Fig. 1A (the X-Y 

coordinates define the mapping area around the crack-tip, and X=780μm happens to be the 

boundary where the stress state changes). After that, the lattice strain rises back to near zero. 

Intriguingly, the reduced FWHM recovers at X>780μm as well, Fig. 1B. In the same sample, 

substantial tensile strain (~10-3) is developed at >~0.3mm ahead of the crack-tip when the load is 

raised to PH, immediately after the measurements at PL , Fig. 1D and Fig. S3 (note that the crack 

had almost no growth at both load levels). The PZ portrayed by the kidney-shaped tensile strain 

field ahead of the crack-tip exhibits peak broadening, but around the crack-tip, both the 

compressive strain and the reduced FWHM are retained, Fig. 1D and 1E. Again, at X>780μm 

where the strain is near zero, the FWHM is no longer sharpened. Under both PL and PH, the 

reduced FWHM matches perfectly the compressive strain field. This agreement is also reflected in 

the relative peak intensities: under both PL and PH, the intensity ratio of 200111 / II  is lower around 

the crack-tip, which spatially corresponds to the compressive strain field and the reduced FWHM, 
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Fig. 1C and Fig. 1F. The decreased 200111 / II  suggests a higher ratio of grains with <200> 

orientation but lower <111> orientation in LD, i.e., a change of grain orientation. In transverse 

direction (TD), reduced FWHM is observed, matching with the strain field around the crack-tip, 

although tensile strains dominate in the PZ and around the crack-tip, Fig. S4. A similar pattern of 

200111 / II  is observed in TD.  

Mapping suggests two important types of reversible deformation. In the PZ, the FWHM 

changes from broadened to recovered from PH to PL, as the tensile strain surges and ebbs, Fig. 1B 

and 1E. This reversibility marches with the PZ during crack propagation. Around the crack-tip, 

however, another type of reversibility exists. Although the FWHM remains persistently reduced 

around the crack-tip (at ~400μm<X<780μm), the peak sharpening becomes nearly negligible at 

X>780 μm, and 200111 / II  is almost similar to that far away from the crack. Note that the FWHM 

was also reduced when the crack-tip was with this portion of material (X>780μm). But once the 

stress is released as the crack-tip advances, the FWHM (and the intensity ratio) immediately rises 

back, to a value similar to that undeformed, indicating that the deformation in this piece of material 

around the crack-tip is reversed. Both types of reversible behavior are demonstrated in a second 

NC sample in in-situ crack propagation. 

The reversible near-tip deformation in NC samples is in stark contrast to that in CG materials. 

For reference, we conducted near-tip mapping by neutron scattering using a CG Ni-based 

Superalloy [grain-size ~90μm, single-phase face-centered-cubic (FCC)]. Coarsening NC NiFe 

alloy for comparison through heat treatment was not adopted due to new phase formation and other 

complications like brittleness in electrodeposited NC materials [8, 9]. Fig. 2 compares the near-tip 

distributions of FWHM and the lattice strain (in LD) along the crack path in NC NiFe and CG 

Superalloy. For both materials, compressive stress is around the crack-tip, while tensile stress is 
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with the PZ ahead of the crack-tip. In NC sample, the variation of FWHM harmonizes with that of 

the strain change, Fig. 2A. By contrast, despite the similar stress state, peak broadening was 

constantly demonstrated both in the PZ and around the crack-tip in CG sample until far ahead of 

the crack-tip (~16mm), Fig. 2B. Similar phenomena were observed in a CG austenitic stainless 

steel sample (also with FCC structure) with a grain-size of ~60μm, Fig. S5. These prototype 

experiments in CG samples witness no reversibility, attesting unique deformation mechanisms in 

NC materials. 

To gain further insight, in a second NC Ni-Fe CT specimen we focus the X-ray beam 

(100×100μm to shorten exposure time) at a fixed location (at ~2mm ahead of the crack-tip) while 

forcing the crack grow. The deformation is continuously tracked, as the crack-tip propagates until 

it passes the beam site by ~5mm (a total growth of ~7mm). Fig. 3A depicts the evolution of lattice 

strain and (111) FWHM (in LD) as a function of elapsed time. Before the X-ray beam makes 

contact with the PZ, the FWHM stays nearly constant (elastic deformation), while the lattice strain 

gradually increases due to the increasing stress intensity. At the moment the PZ being hit (at 

~8×103sec), a tensile strain increases rapidly, and the FWHM spikes. As shown in Inset (a) of Fig. 

3A, the strain rise precedes slightly that of FWHM, and the FWHM starts to increase only after a 

critical value of strain, εc, is attained, defined by line I in Inset (a). This critical strain signals 

yielding (as the rapid increase of FWHM must be induced by plasticity). The lattice strain declines 

precipitously after the peak, but the drop of FWHM does not happen until the strain down to a 

value almost equal to εc, as marked by line II in Inset (a). Thereafter, the FWHM steadily 

decreases with the strain. When the strain falls down to zero, defined by line III, the FWHM settles 

to the pre-deformation level, as pointed by a horizontal arrow in Fig. 3A. The FWHM is further 

reduced around the crack-tip accommodating the emergence of the compressive strain. Near the 

end of the compressive strain regime, the FWHM starts to recover due to the strain relaxation. A 
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reduced 200111 / II  is also observed corresponding to the reduced FWHM, Inset (b) in Fig. 3A. These 

observations agree with the near-tip mapping in Fig. 1.  

The reversible near-tip deformation is uncovered from the evolution of the FWHM. Our peak 

profile analysis suggests that both dislocations and twinning are active. Fig. 3B depicts the 

evolution of dislocation density (ρd) and twinning probability during crack growth. It is interesting 

that in the PZ (between I and III), the dislocations demonstrate an opposite evolving trend to 

twinning. Except for the initial increase of twin density (ρtw, when the yield stress is reached at line 

I), the twin probability reduces as ρd increases between line I and line II (Note that the dashed lines 

in Fig. 3B are at the same moments as these in Fig. 3A). At line II, ρd reaches maximum, while ρtw 

to minimum. After that, as the ρd starts to decrease, the increase of ρtw immediately commences 

(between line II and line III). Extraordinarily, at line III, which marks the moment with zero strain 

and zero peak-broadening, both ρd and twinning probability restore to their pre-deformation levels, 

suggesting a reversible process. Moreover, the opposite trend suggests that the enhancing 

dislocation activities may contribute to the loss of ρtw (measured by the reduced twin probability), 

i.e., dislocation-promoted detwinning, as suggested by experiments and simulations [10-15]. But 

the loss of twins recovers once the dislocations retreat. After line III enters the area around the 

crack-tip - a regime with compressive strains (also reduced FWHMs). Across this regime, the ρd 

drops and then rises in parallel to the FWHM, but the twin probability stays at a level lower than 

the pre-deformation, with minor changes. The variation of both ρd and twin probability is less 

appreciable as in the PZ, a marked difference due to the changed stress state. Nevertheless, the 

change of intensity ratio remains evident in this regime, indicating significant grain re-orientation.  

To elucidate how the grain re-orientation accounts for the reversible deformation around the 

crack-tip, we sectioned TEM specimens from the regime with reduced FWHM (where 

compressive strain is present) using focused-ion-beam. Examinations reveal grains >100nm that 
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were not present in the as-deposits; these coarsened grains are located near the crack edge, Fig. 4A. 

Fig. 4B shows a representative coarsened grain of ~150nm elongated along the crack surface. 

Within the grain, contrast induced by dislocations is revealed. In addition, many originally large-

angle GBs have drifted into small-angle GBs, as exemplified by Fig. 4C. Careful examination 

suggests that the coarsened grains contain many sub-grains with dislocations formulating the 

boundaries, Fig. 4D. Moreover, the sub-grains size is roughly the grain-size prior to deformation. 

The evidences suggest that the coarsened grains are formed through grain lattice re-orientation [6, 

16]. The interaction of dislocations with twins can sometimes be encountered, as exemplified in 

Fig. 4E. In some grains, the growth twins disappeared perhaps under the influence of high stress 

near crack-tip, while deformation twinning can be traced in other grains [17, 18]. By contrast, the 

grain coarsening is not observed where the stress field diminished (for instance, at X>780µm). 

These observations support the results by in-situ X-ray diffraction experiment, and suggest 

complex behavior of NC systems during the fatigue.  

The reversible near-tip plasticity in NC materials is scientifically significant. In ductile 

materials, fatigue crack propagation is known to be accommodated by crack blunting and re-

sharpening upon loading-unloading, while the blunting is accomplished through dislocation 

hardening by irreversible shear on their slip-systems [19-22]. In our NC specimens, although 

dislocations are active in the PZ, the crack blunting may hardly be fulfilled due to the lack of 

effective dislocation hardening in nano-grains [23]. The fast crack growth rate and smooth fracture 

surface in our NC samples support the hypothesis, Figs. S6 & S7. Conversely, the opposite change 

of twinning vs. dislocations in the PZ hints that the transient dislocations could interact with 

twinning during loading cycles, perhaps caused by the emitting dislocations from GBs [24], but the 

reversible character may not provide the hardening. Around the crack-tip, the reversible grain 

lattice re-orientation represents another deformation mode that challenges the traditional concept 
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of near-tip plasticity. A large grain containing domains with the original nano-grains suggests that 

coarsening should occur through lattice re-orientation of the nano-grains under the stress field. 

Consequently, lattice misorientation between nano-grains minimizes, forming a united grain. With 

the stress field set free, the building domains rotate back to their original orientation, reversing the 

coarsening. The fact that a coarsened grain can transform back to the original nano-grains under 

the influence of stresses is unexpected and hints that the deformation is predominantly carried out 

at the boundaries of nano-grains, the evidence of which is collected in the post-mortem TEM 

studies. This is in contrast to not only CG samples where the deformation is predominated by the 

dislocations leading to peak width broadening, but also to the irreversible grain growth through the 

mechanically-driven GB migration reported in other NC samples [5, 25].  
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Figure Captions 

 

Fig. 1. The lattice strain, FWHM-(111), and 200111 / II  revealed in LD at PL, (ABC) and PH (DEF – 

measurements followed ABC immediately at the same area): (A) high compressive strain 

generated around the crack-tip, but small tensile strain ahead of the crack-tip; (B) FWHM greatly 

reduced around the crack-tip; (C) Decreased 200111 / II  corresponding to the reduced FWHM and 

compressive strain; (D) PZ registered with tensile strain ahead of the crack-tip, but compressive 

strain around the crack-tip; (E) FWHM broadened in the PZ, but sharpened around the crack-tip; 

(F) Reduced 200111 / II  around the crack-tip.  

 

Fig. 2. The lattice strain, FWHM-(111) in LD along the crack path in: (A) NC NiFe at PL; (B) CG 

Ni-based C-2000 Superalloy as-fatigued. In both NC NiFe and CG Ni-alloy, compressive strain is 

around the crack-tip, with tensile strain in the PZ. In CG sample, peak broadening is in both the PZ 

and around the crack-tip, but peak sharpening is around the crack-tip in NC sample, which can be 

recovered when the stress diminishes.   

 

Fig. 3. (A) The evolution of FWHM-(111) and strain during in-situ crack propagation. Before I: 

the elastic deformation before the PZ being detected; I-III: the deformation in the PZ; after III: 

compressive strain with peak sharpening around crack-tip. Inset (a) is a close-up view of PZ, and 

Inset (b) shows 200111 / II  in correlation with FWHM. (B) The evolution of ρd and twin probability 

during in-situ crack growth. 

 

Fig. 4. (A) Scanning-TEM image shows coarsened grains near the crack edge cut from where the 

compressive strain in LD; (B) High-resolution-TEM image shows the typical structure of a 

coarsened grain; (C) Small-angle GBs are revealed due to grain lattice re-orientation; (D) Example 

of two nano-grains merge into a large grain; (E) Dislocations interact with twins.  

  

 


















