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Abstract

By means of the technique of surface mechanical attrition treatment, the nanocrystalline (nc)
intermetallic compound Co3Fe7 was synthesized in the surface layer of bulk cobalt. It was found
that deformation-induced diffusion occurred, leading to the extension of solid solution. A series
of phase transformation proceeded with increasing Fe content (atom %) and followed the route
from hep (< 4% Fe) to fec (4~11% Fe) and finally to bee (> 11% Fe). Nanoscale composition
analyses by EDX showed that Fe contents are significantly higher in grain boundaries and triple
Jjunctions than in grain interiors. It was turned out to be the conclusion that fast diffusion along
grain boundaries dominate in larger grains whereas diffusion along triple junctions in nc
intermetallic grains. The alloying on the atomic level was ascribed to deformation-induced
intermixing during deformation at high strain rates. The mechanism of intermetallic formation
was a result of numerous nucleation events followed by limited growth.

Intreduction

The nanocrystalline (nc) metallic materials produced by severe plastic deformation (SPD)
exhibit the superior diffusional property due to the effect of both grain boundaries (GBs) and
triple junctions (TJs) of high volume fraction [1-6]. These GBs are in a high-energy
non-equilibrium state [1,4], with GB diffusion coefficients being several orders of magnitude
larger than those in nc materials fabricated by non-mechanical (more equilibrium than
mechanical) methods and in conventional polycrystallites [1,2,5,6]. The TJs have weaker
bonding structures compared with GBs and consequently higher diffusivity [7]. Diffusion along
TJs will dominate in nc grains with grain sizes less than ~10 nm where the TJ density is
enhanced significantly [7,8]. On the other hand, the high-density defects, such as dislocations
dramatically created during SPD also contribute significantly fast diffusion. The dislocations
provide pipe diffusion via the core of dislocations due to the decrease of the vacancy formation
energy in dislocation cores [9]. Meanwhile, SPD may induce vacancies and increase the mobile
vacancy concentration [10-12]. The high level of vacancies may induce pronounced
enhancement of diffusivity during SPD and their concentration will be proportional to both strain
rate and dislocation density [13].

SPD-induced diffusion may promote the formation of a wide spectrum of highly
non-equilibrium- states in nc materials. The formation of supersaturated solid solutions in
immiscible Al-Fe alloys and pearlitic steel [14,15], disordering or even amorphization of
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intermetallics [16], and alloying in Cu-Fe composite [11] have been reported during
high-pressure torsion. In the present study, an nc intermetallic layer was synthesized via in situ
alloying during surface mechanical attrition treatment (SMAT). The strategy was to generate the
nc surface layer with novel phase structures, e.g. intermetallic compound, different from the
metallic matrix via deformation-induced atom diffusion that occur in situ during the plastic
deformation process. This nc layer is free of contamination and porosity because of the
self-nanocrystallization induced by severe surface plastic deformation. The microstructural
responses with strain were investigated in detail, including solid solution extension, phase
transformation, and nc intermetallic formation. The Fe-Co system was selected due to their
unlimited solubility range, which is convenient for correlating the formation of various
non-equilibrium states with relative composition change during plastic deformation.

Experimental

The material used in this study was an electrodeposited cobalt plate (purity: 99.98 wt%).
The average grain size was ~30 pm. The shape of specimen was 100x100x5 mm.The SMAT
technique was used to realize the SPD-induced diffusion process. The SMAT technique has been
described in our previous papers [17]. In brief, the specimen was placed in a cylinder-shaped
stainless steel chamber with a large number of hardened steel balls inside. The chamber was
attached to a vibration generator and during SMAT the balls were resonated because of the high
vibration frequency of the system. Flying balls peened the specimen surface repetitively and
imposed severe strains into the surface layer, leading to progressive refinement of grains to the
nanoscale regime. Diffusion is anticipated to occur simultaneously during deformation from balls
into the specimen surface as the same as in conventional mechanical alloying process [18].
Moreover, both strain and strain rate had a gradient variation from the treated surface (both are
extremely large) towards the deep matrix (essentially zero), and as a result, the grain sizes with
gradient distribution were developed in the treated sample [19,20]. In the present work, the
SMAT process was performed at room temperature with a vibrating frequency of 50 Hz in a
vacuum for 50 minutes. The hardened steel ball had a diameter of 8 mm and a composition (wt%)
of 1.35 Cr, 0.98 C, base Fe.

Following SMAT, the microstructural characterization was performed in a scanning electron
microscope (SEM) and a field emission gun transmission electron microscope (TEM). Both
planar-view and cross-sectional thin foils for TEM observations were prepared by means of
cutting, grinding, dimpling and a final ion thinning or twin-jet polishing at low temperatures. A
beam size of about 2 nm and a typical spectrum of collecting time of 100 s were used to the
nanoscale energy dispersive X-ray (EDX) spectroscopy analysis. X-ray diffraction (XRD)
analyses were conducted to determine the phase constitution within the treated layer.

-Experimental results

Figure 1 shows XRD patterns prior to and after SMAT. The matrix cobalt has a hexagonal
close packed (hep) structure. In contrast, a single body center cubic (bec) phase is present in the
treated layer of ~20 um thick. This bce phase is determined to be intermetallic compound
Co3Fe7. The SEM cross-section of the treated layer is shown in Figure 2. The layer of ~20 um
thick exhibits a typical interlayer structure, much similar to that in MA [18]. The composition
measurement indicates introduction of both Fe and Cr in the treated layer. Hence, the alloying
process occurs during deformation.

The microstructure in the treated layer was investigated by cross-sectional TEM
observations. Figure 3(a) is a bright-field image (~5 um deep from the treated surface), showing
the presence of nc grains. Figs. 3(b) and (c) are the electron diffraction pattern (EDP) and EDX
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Fig. 1 X-ray diffraction patterns. Fig. 2 SEM image of the treated layer
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Fig. 3 (a) TEM micrograph of nc Co3Fe7 (~5 pm deep). (b) EDP. (c) EDX spectrum

spectrum of Co3Fe7 respectively. Note the presence of a few amount of Cr. TEM observations at
various depths confirm the formation of intermetallic Co3Fe7 within the treated layer, consistent
with XRD result.

In order to clarify the microstructural evolution relative to intermetallic formation, the
interface between the intermetallic layer and cobalt is investigated in detail via cross-sectional
TEM observations. Figure 4(a) is the microstructure located exactly at interface (~20 pm deep).
A clear change in grain sizes is visible at the interface. The submicron-sized grains at the right
side are determined to be hep cobalt, with stacking faults in their interiors. The nc grains at left
side are Co3Fe7. Figs. 4 (b) and (c) are EDPs of Co3Fe7 and cobalt respectively, both revealing
a ring-like feature of random orientations among grains.

6

Fig. 4 (a) Cross-sectional TEM micrograph at interface between intermetallic layer and cobalt
(~20 um deep). (b) and (c) EDPs of Co3Fe7 and cobalt.

Of particular interest is the finding that a transition zone exists between intermetallic layer
and cobalt. Fig. 5 shows EDX spectra and corresponding EDPs obtained in three grains located
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in sequence from cobalt to intermetallic. Three kinds of crystal structures are visible, i.e. hep (a),
fcc (b) and bee (¢), respectively, with Fe (Cr) contents (atom %) of 1.67 (0.23), 9.40 (1.42) and
23.09 (1.37) %. This indicates the extension of solid solution and a series of phase
transformations occurring due to diffusion of Fe (Cr) into cobalt in the transition zone. Extensive
EDX measurements show that cobalt will keep hep structure with increasing Fe content (atom %)
to ~ 3.9% Fe, then change to fcc with 4 ~ 11% Fe, and finally to bee with further increased Fe
content. Hence, the sequence of phase transformations can be represented relevant to Fe contents
(atom %) as: hep (< 4 Fe) — fee (4~11 Fe) — bee (> 11 Fe). This result has relative small
deviations compared with the Co-Fe equilibrium phase diagram extrapolating to room
temperature [21].
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Fig. 5 EDX spectra and corresponding micro-diffractions showing the change of the crystal
structure from hep (a) to fec (b) and to bee (¢) due to an increase in Fe(Cr) contents within the
transition layer. ‘

The initial formation of intermetallic Co3Fe7 was further investigated. Figure 6(a) shows a
number of nc Co3Fe7 grains together with several larger grains. Inset in Figure 6(b) is the
microdiffraction pattern of the grain labeled A. A set of well-defined bec diffraction spots
together with a ring of bec Co3Fe7 is visible. The dark-field image of grain A in Figure 6(b)
shows numerous extremely small nc Co3Fe7 grains. The microscopic analyses by EDX show
inhomogeneous Fe compositions at the atomic level in grain A, ranging from 16.27 to 57.36
atom %. This gives clear evidence that the intermetallic Co3Fe7 nucleate directly in a bec solid
solution. Both solid solution extension and phase transformation occur prior to intermetallic
formation.

Fig. 6 Cross-sectional TEM observation at the interface (~20 um deep). (a) Bright-field image. (b)
Dark-field image showing the existence of nc grains inside grain A. Inset is the micro-diffraction
from grain A.

The composition analyses by EDX were made in both transition zone and intermetallic
layer in order to shed light on the nature of diffusion related to grain sizes. Figure 7 summarizes
composition data in TJs, SFs, GBs, and grain interiors (GIs) in FCC and BCC structures. Clearly,
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Fe (Cr) contents increase in sequence at GIs, GBs and TJs.
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Fig. 7 EDX composition data of Fe contents in SFs, GBs, Gls, and TJs in FCC and BCC phases.
The number in bracket indicates the whole measured values.

The hardness by the nanoindentation test is plotted in Figure 8 as a function of the depth of
the treated layer. The values of hardness in intermetallic layer ranges from 14 to 12 GPa, much
higher than 6.2 GPa of cobalt.]
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Fig. 8 Hardness along the layer depth.

Discussion

The repetitive peening of shots refines grains and produces fresh ball/specimen surfaces
during the SMAT process. Taking into consideration of rapid impact velocity and high impact
frequency of shots, diffusion of Fe (€r) may occur from balls and the steel container walls into
the treated surface of specimen, as in the case of MA [18]. v

Diffusion occurs first in hep grains of cobalt and then in hep, fce, and bee solid solution in
the transition zone, as shown in Fig. 9. The hcp grains are submicro-sized whereas fcc and bee
grains range at large end of nanoscale regime (50-100 nm). From composition data in Fig. 7, Fe
contents in GBs are much higher than in grain interiors. The GBs of severely deformed grains are
characterized by a highly nonequilibrium high-energy state. The energy stored in GBs may
facilitate diffusion along GBs for decreasing the defect formation energy [2-4]. Furthermore, GB
diffusion in nc materials produced by SPD is determined mainly by GB state rather than by the
mean grain size and therefore, fast GB diffusion may occur even in grains beyond the nanoscale
[2,3]. Meanwhile, due to the much high volume fraction of GBs compared with that of TJs for
larger grains, it is reasonable that GB diffusion dominates in the transition zone.
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Fig. 9 Schematic illustration of the microstructural
evolution during the SMAT process. Note the presence
of a transition zone containing hep, fcc, and bee solid
solution due to diffusion and phase transformation.

With the advent of nc Co3Fe7, the volume fraction of TJs will increase drastically due to
grain sizes of less than 10 nm [6,7]. Because TJs structurally have a loosely bonded nature and a
large excess volume compared to GBs, diffusion along TJs will be much facilitated in the
intermetallic layer. The occurrence in the bulk of a continuous network of TJs assists a creation
of short diffusion paths.

The plastic deformation may increase mobile vacancy concentration [11,12]. The vacancy
formation energy and internal stress as well are two parameters controlling the vacancy
formation. The vacancy formation energy is significantly lowered in nc grains [22]. The internal
stress due to the compressive strain during the SMAT process may promote the formation of
excess vacancies by reducing the vacancy formation energy [11]. The rate of production of
vacancies will be proportional to strain rate. The experimental data of Kiritani et al [23] showed
that at a strain rate of ~1 s’ during ~1 s, the vacancy concentration in copper at room
temperature rises up to 107° leading to vacancy cluster formation. During the HPT process of a
Cu-Fe filamentary composite, the mobile vacancy concentration and vacancy diffusion
coefficient are estimated to increase by 15 and 4 orders of magnitude, respectively, providing an
additional mobile vacancy production rate of 10~ s™ [11]. This high level of vacancies increases
the diffusion coefficient, leading to true alloying to occur at the atomic level during the HPT
process. The SMAT process provides a higher strain rate (10°* s71[17]) than HPT. It is, therefore,
reasonable that the mobile vacancy concentration may be greatly enhanced.

The specimen will experience temperature rise due to large strains and high strain rates
during the SMAT process similar to the case in MA [18]. The exact temperature on the top
treated surface is difficult to evaluate, however, due to the dynamic nature of the SMAT process.
In spite of differences between SMAT and MA, one may find clues on temperature rise in the
case of MA. From data available on-the measured temperatures during MA, the macroscopic
maximum temperature is ~ 215°C ~and more commonly it is ~100-120°C, even though local
temperature (microscopic) can be higher. This suggests that there is only a moderate temperature
rise during SMAT and that microscopic temperatures are probably much below the
recrystallization temperature. Hence, the process of diffusion during SMAT is
mechanically-controlled.

The CoFe system has very small negative heat of mixing of about —1 kJ/mol [24]. Previous
MA of elemental Fe and Co powders produced the intermetallic Co50Fe50 [25]. The nature of
MA of Co and Fe powders is the mixing of the elements by interdiffusion [26]. In the present
study, true alloying on the atomic level can be achieved through gradual diffusive intermixing.
The deformation-assisted diffusion plays a significant role in controlling the alloying process.
The formation of nc intermetallic Co3Fe7 is a direct result of numerous nucleation events with
limited growth of grains, as shown in Fig. 6.

This work has shown a new route concerning an alloying process on the surface of metallic
materials that eliminate different phases of preparation of intermetallic materials. By this
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approach new nc materials are able to be prepared directly with a judicious selection of the
composition of the target materials, e.g. the shot, atmosphere, and medium of the working
chamber. The development of new structures and functional materials is, thus, anticipated.

Conclusions

(1) The nanocrystalline intermetallic compound Co3Fe7 was generated in the treated layer
during surface mechanical attrition treatment of bulk cobalt. A transition zone existed between
the intermetallic layer and cobalt where the extension of solid solution and a series of phase
transformation occur.

(2) Diffusion happened in various solid solutions. Nanoscale composition analyses by EDX
showed that Fe contents are significantly higher in GBs and TJs than in grain interiors. Diffusion
along GBs dominate in larger grains whereas diffusion along TJs in nc intermetallic grains.
(3) The alloying process was ascribed to intermixing at the atomic scale during severe
deformation. The mechanism of intermetallic formation was a result of numerous nucleation
events.
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