SCIENTIFIC REPLIRTS

Effect of one-step recrystallization
on the grain boundary evolution of
CoCrFeMnNi high entropy alloy and
e its subsystems

Published: 29 February 2016 Bo-Ru Chen, An-ChouYeh & Jien-WeiYeh

. Inthis study, the grain boundary evolution of equiatomic CoCrFeMnNi, CoCrFeNi, and FeCoNi alloys

. after one-step recrystallization were investigated. The special boundary fraction and twin density

. ofthese alloys were evaluated by electron backscatter diffraction analysis. Among the three alloys

. tested, FeCoNi exhibited the highest special boundary fraction and twin density after one-step

. recrystallization. The special boundary increment after one-step recrystallization was mainly affected
. by grain boundary velocity, while twin density was mainly affected by average grain boundary energy
. and twin boundary energy.

© The concept of grain boundary engineering (GBE) has been previously proposed by Watanabe!, and its aim is to
© improve resistance to oxidation, corrosion, creep, and the propagation of cracks in materials>- by controlling the
. grain boundary character distribution (GBCD) with high special boundary population and broken interconnec-
. tivity of high angle grain boundaries (HAGBSs). Special boundaries can be expressed by coincidence site lattice
. (CSL) boundaries with low-X values (3 < X < 29), where X is the reciprocal density of coinciding sites. Compared
. to HAGBs, special boundaries have a relatively small excess volume because of their geometrical arrangements,
- and thus possess lower boundary energy. The lower grain boundary energy is the underlying mechanism respon-
. sible for the improved properties because of its corresponding low diffusivity”*.

: GBE has been applied on various alloy systems, including FCC austenitic stainless steels**'? and nickel-based
- superalloys**>!! that possess relatively low stacking fault energy. One-step recrystallization is one of the four
. categories of GBE processes for alloys with relatively low stacking fault energy, as summarized by Randle'. For
© FCC alloys, special boundaries are mainly composed of ¥3"s boundaries, especially for twin £.3 boundaries'>'>.
: Based on the growth accident model for annealing twin formation'?, Pande et al.'>1° have stated that twin density
. depends on the average grain size, average grain boundary energy, and twin boundary energy of the material.
. Cahoon et al.'” have further stated that applied strain can affect twin density. For special boundary reactions,
. Randle has proposed that when strain induced boundary migration takes place, non-twin £3 boundaries with
- high mobility can increase special boundary fraction by the ¥3 regeneration mechanism, which indicates that the
: interactions between ¥.3"s can produce ¥3s and further be incorporated into a grain boundary network, e.g.
" YA + B < (A x B)or Y_(A/B). In addition, Hwang et al.'® have observed another two types of special
. boundary interactions by in-situ electron backscatter diffraction (EBSD): (1) HAGB dissociation, which indicates
. the rapid migration of specific HAGBs being dissociated into ¥3 boundaries because of a growth accident, and
© (2) annihilation of the special boundary by HAGB migration. Each of these theories have helped to establish the
* underlying mechanisms for GBCD during GBE processes.

: The high entropy alloy (HEA) system proposed by Yeh et al.'® has drawn much attention recently. HEAs
. can exhibit sluggish diffusion and severe lattice distortion effects®’. Sluggish diffusion effects can hinder
. the grain boundary migration!?, and severe lattice distortion effects can impede dislocation movement and
* decrease stacking fault energy*"?2. Both of these HEA effects can have significant effects on the GBCD. An
. equiatomic CoCrFeMnNi high entropy alloy has been reported to possess a single-phase FCC crystal struc-
: ture®. Furthermore, within subsystems of CoCrFeMnNj, two binary alloys (FeNi and CoNi), five ternary alloys
. (FeCoNi, CrFeNi, FeMnNi, CoCrNi, and CoMnNi), and three quaternary alloys (CoCrFeNi, CoFeMnNji, and
© CoCrMnNi) have also been reported to possess single-phase FCC crystal structures®. These single-phase FCC
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Figure 1. Grain size distribution of CoCrFeMnNi/CoCrFeNi/FeCoNi after REC (1h annealing).

alloys are ideal subjects for investigating the differences in evolutions of GBCD between higher-order and
lower-order alloy systems during the GBE process. Furthermore, HEAs are reported to possess lower stacking
fault energy than those of conventional alloys, because the increase in severe lattice distortion can increase the
matrix energy and decrease the potential difference between stacking fault and matrix*"?>**. For example, Wu
et al** have reported that the stacking fault energy of CoCrFeNi is lower than that of FeCoNi. Additions of Mn
can decrease the stacking fault energy of Ni?*. The stacking fault energies of CoCrFeNi and CoCrFeMnNi have
been measured by Zaddach et al.? using the x-ray diffraction method coupled with first principle calculations,
and it has been reported that CoCrFeMnNi possesses lower stacking fault energy than that of CoCrFeNi. This
suggests that HEAs may form annealing twin >_3 boundaries more easily during GBE processes.

In this research, one-step recrystallization was conducted on equiatomic FeCoNi, CoCrFeNi, and
CoCrFeMnNi alloys. Analysis was focused on the evolutions of GBCD in order to investigate its correlation with
increasing alloying complexity from 3 to 5 elements. The present work is the first to study the effects of grain
boundary engineering processes on the grain boundary evolution of high entropy alloy comparing with those of
lower-order alloy systems. The underlying mechanisms of GBCD of high entropy, medium entropy, and lower
entropy alloys have been discussed in this article.

Results and Discussions

Samples of CoCrFeMnNi, CoCrFeNi, and FeCoNi were arc melted and homogenized first by heat treatment
before a 50% reduction in thickness. All three alloys were then subjected to annealing at different conditions in
order to compare their grain boundary velocity; details are described in the methods section. The melting tem-
peratures of CoCrFeMnNi, CoCrFeNi, and FeCoNi were previously reported to be 1289°C, 1420°C, and 1440°C,
respectively?. The recrystallization temperatures determined in this work for CoCrFeMnNi, CoCrFeNi, and
FeCoNi were 900 °C, 800 °C, and 700 °C, respectively. The annealing temperature for each alloy is at and above the
recrystallization temperature for each alloy.

Figure 1 shows the grain size analysis after 1h annealing; FeCoNi possesses the fastest grain boundary veloc-
ity, and CoCrFeNi possesses the slowest grain boundary velocity among the tested alloys. In addition, the grain
growth of CoCrFeNi seems to be suppressed at higher annealing temperatures. CoCrFeMnNi possesses a medium
grain boundary velocity. These phenomena may be directly related to the alloying element; it indicates that the
increase in Cr content can decrease grain boundary velocity. For CoCrFeMnNi and CoCrFeNi, the standard
deviation of grain size was much smaller than the average grain size, so grains were homogeneous. The average
grain aspect ratios of CoCrFeMnNi and CoCrFeNi were between 1.62 and 1.73; this indicates that the grains were
nearly equiaxed. For FeCoNi, the standard deviation of grain size was very close to the average grain size, indicat-
ing that grains were less homogenous. The average grain aspect ratio of FeCoNi was between 1.76 and 1.87, which
suggests that the grains were slightly less equiaxed.

It should be noted that minor and well-dispersed Mn-Cr oxides with an average size of 8.94 um were present in
CoCrFeMnNij, as shown in Fig. 2. The composition of the Mn-Cr oxides is listed in Table 1. The presence Mn-Cr
oxides in CoCrFeMnNi were previously reported by Tasan et al.”’. It appears that it is difficult to eliminate these
Mn-Cr oxides in CoCrFeMnNi, and they might have hindered the migration of grain boundaries. Nevertheless,
CoCrFeMnNi showed a homogeneous grain size distribution after one-step recrystallization (REC). The ratios of
recrystallization temperature over melting temperature for CoCrFeMnNi, CoCrFeNi, and FeCoNi are 0.75, 0.63,
and 0.57, respectively. These ratios increased with increasing alloying elements, which can be caused by severe
lattice distortion and sluggish diffusion, which impede dislocation movement. Table 2 shows the REC results of
CoCrFeMnNi, CoCrFeNi, and FeCoNi with varying grain size. Figures 3 and 4 show the remained strain analysis
by misorientation distribution and the GBCD of the tested alloys, respectively.

According to the remained strain analysis of CoCrFeMnNi as shown in Fig. 3(a-d) and Table 2, most of the
grains are free of strain (undeformed) after REC, and only a small fraction of substructured grains were observed.
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Figure 2. Mn-Cr oxides in CoCrFeMnNi alloy and its composition (dark phase).

tomic% 0.42 29.44 0.46 1543 0.58 53.67

Table 1. Composition of Mn-Cr oxides.

Figure 4(a-d) show the GBCD of CoCrFeMnNi; some boundaries were pinned by Mn-Cr oxides, which may
have slowed down the grain boundary velocity and hindered the migration of HAGBs and special boundaries,
and thus decreased the frequency of boundary interaction. Only a small fraction of X3s are formed by X3 regen-
eration, which indicates that >3s are mainly formed by HAGB dissociation. According to Table 2, most special
boundaries are composed of twin ¥3s, while non-twin ¥3s, £9s, and ¥27s occupy only a small boundary frac-
tion and decrease slightly with increasing grain size. The special boundary fraction also shows no significant
change during grain growth, which indicates that HAGB dissociation counterbalances with 33 annihilation for
CoCrFeMnNi during REC.

Figure 3(e-h) show the remained strain analysis of CoCrFeNi after REC. Its condition was similar to that of
CoCrFeMnNi, as most of the grains were undeformed and only a small fraction of substructured grains were
observed. According to the GBCD of CoCrFeNi, shown in Fig. 4(e,f) and Table 2, only a small fraction of ¥3s
were formed by X3 regeneration, which indicates that ¥.3s are mainly formed by HAGB dissociation. However,
the special boundary fraction showed a decreasing trend during grain growth, which indicates that ¥3 annihila-
tion occurs for CoCrFeNi.

According to the remained strain analysis of FeCoNi, shown in Fig. 3(i-k), most of the grains were also free
of strain, similar to those observed in CoCrFeMnNi and CoCrFeNi. The GBCD of FeCoNi after REC shows that
the frequency of .3 regeneration is higher than that of CoCrFeMnNi and CoCrFeNj, as outlined in Table 2 and
Fig. 4(i-k). The X9 boundary fraction showed an increasing trend during grain growth, much higher than that of
CoCrFeMnNi and CoCrFeNi, due to the increased frequency of ¥3 regeneration. The special boundary fraction
showed a significant increase during grain growth, which indicates that both HAGB dissociation and X3 regen-
eration are the main boundary interaction mechanism.

Comparing the results of GBCD for the three alloys after REC, as seen in Table 2, FeCoNi exhibited the
highest special boundary fraction, while CoCrFeMnNi exhibited the lowest special boundary fraction. FeCoNi
showed a positive special boundary increment with grain growth, while CoCrFeNi showed a negative trend and
CoCrFeMnNi exhibited a constant value. Furthermore, both special boundary increment and boundary interac-
tion appear to show positive correlations to grain boundary velocity. It is possible that the higher grain boundary
velocity of FeCoNi during one-step recrystallization increases the frequency of boundary interaction, especially
for growth accident. As a result, there is a large increase in frequency of HAGB dissociation, while a small increase
in the frequency of 33 regeneration also occurs. As the fractions of twin 33 boundaries are increased, the fre-
quency of X3 regeneration can be further increased, since special boundaries become easier to meet up. Because
FeCoNi possesses the highest grain boundary velocity, HAGB dissociation takes an important role and introduces
more ¥.3s into the grain boundary network, which increases the frequency of ¥3 regeneration.

To further analyze and discuss the twinning mechanisms for three alloys after REC, the annealing twin forma-
tion model, established by Pande et al.}>17:2%2 was applied:

= Ky

p
D,

7]
D, (1)

where p is twin density (number of twin 3 3s intercepted per unit length), K is a dimensionless constant related
to strain level, D is the average grain size, v , is the average grain boundary energy, v, is the twin boundary energy,
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900°C/1h 25.8 19.8 95.13 4.82 0.05 47.1 2.39 2.09 0.32 3.06 4.50
950°C/1h 35.7 22.8 94.19 5.62 0.19 42.1 3.87 1.16 0.12 3.02 5.86
CoCrFeMnNi
1000°C/1h 44.5 29.4 95.08 4.82 0.10 45.1 421 1.20 0.39 2.84 6.34
1050°C/1h 67.3 44.5 96.83 3.12 0.05 46.9 3.56 0.65 0.13 2.73 5.96
800°C/2h 14.1 10.1 87.15 12.60 0.25 44.3 3.02 3.01 0.73 2.12 4.04
800°C/6h 17.1 13.3 90.21 9.68 0.11 47.4 2.23 2.83 0.87 3.29 5.21
CoCrFeNi
1100°C/1.5h 21.1 13.7 88.26 11.19 0.55 36.3 4.47 1.41 0.64 3.45 7.37
1100°C/2h 40.7 26.3 95.00 4.96 0.04 39.4 3.87 1.51 0.33 3.03 6.31
800°C/20 min 48.2 45.0 86.99 12.97 0.04 54.9 2.03 4.52 1.74 2.25 2.36
FeCoNi 800°C/30 min 61.3 53.0 90.00 9.99 0.01 57.7 1.95 3.42 1.18 2.08 2.18
700°C/1h 67.0 77.1 85.02 14.94 0.04 61.5 1.95 5.55 1.74 2.13 2.12

Table 2. Annealing condition, grain size analysis, remained strain analysis, and special boundary fraction
of one step recrystallization (REC ). Abbreviations are average grain size (D), standard deviation (Stdev.),
undeformed grains (Und.), substructured grains (Sub.), and deformed grains (Def.), low angle grain boundary
(LAGB).

and D, is the critical grain size for annealing twin formation, which can be affected by the step size of EBSD meas-
urement, and is set as 2.487 um for this study. Figure 5(a) shows the normalized twin density of CoCrFeMnNi,
CoCrFeNi, and FeCoNi after REC and Pande’s work'®, and the data of all alloys coincides with Pande’s model. It
should be noted that Pande’s model is derived based on the theory of growth accident, while 3 regeneration and
special boundary annihilation by HAGB migration are not considered in the derivation. It has yet to be deter-
mined whether or not the scattering data can be affected by X3-regeneration and special boundary annihilation,
but data scattering is clearly shown in Pande’s work. Since there appears to be no correlation between special
boundary fraction and twin density after one-step recrystallization in this study. As a result, the effect of
Y 3-regeneration and special boundary annihilation is not considered for twin density analysis in present work.

Figure 5 (b) shows the twin density of CoCrFeMnNi, CoCrFeNi, and FeCoNi as a function of ln(—) FeCoNi
possesses the highest twin density, and CoCrFeMnNi possesses the lowest twin density. It appears that twin den-
sity decreases with increasing alloying complemty This phenomenon can be explained by the average grain
boundary energy and twin boundary energy ¢ can be expressed as K - , which is equal to K times the slope

- ln(—)

in Fig. 5(b). FeCoNi possesses a 7z value of 0.580K , while CoCrFeNi and CoCrFeMnNi have a ¢ value of 0.562K
B! g
and 0.444K, respectively. ¢ shows a decreasing trend with increasing alloying elements. It is irﬁportant to point

out that data scattering ofWCOCrFeNi in Fig. 5(b) is well within the data scattering presented by Pande’s growth
accident model'®. The adjusted R-squared of best-fit line in Fig. 5(b) is 0.999 for CoCrFeMnNi, 0.962 for
CoCrFeNi, and 0.983 for FeCoNi, and the standard deviation of gradient is 0.00703 for CoCrFeMnNi, 0.0557 for
CoCrFeNi, and 0.0438 for FeCoNi, so the change in slope shown in Fig. 5(b) can be taken into account for the
following analysis. According to work done by Zaddach et al.??, Bhattacharjee et al.?!, and Wu et al.?*, it can be
concluded that stacking fault energy is decreased with increasing alloying elements due to both elemental effect
and the high energy level of the heavily distorted matrix. Generally, the stacking fault energy is about twice the
twin boundary energy®’, hence v, peconi > Vr.cocrreni > Vt.Cocremnni Which indicates that HEA needs less
energy for twin formation. However, when considering the value of v, and "¢, a ranking of average grain bound-

t
ary energy as Vg FeCoNi ~ Y g,CoCrFeNl > Y gcoCrEeMnNi €an be deduced, which is an indication of the driving force
for grain growth. However, "¢ may be further decreased by alloying, e.g. the Cr content in CoCrFeNi is higher,
D

to decrease the driving force for grain growth in CoCrFeNi. It should be noted that the average grain boundary
energy of CoCrFeMnNi can be affected by the presence of Mn-Cr oxides, because these particles may hinder
grain boundary migration®'. These results suggest that the elemental effect and lattice distortion can decrease
both the driving force for grain growth and twin boundary energy. As a result, twin density of CoCrFeMnN:i is
lower than the other two after REC.

This study analyzed the effect of GBE on FCC HEA system with alloying complexity ranging from 3 to 5
elements, and the results show that the alloying element and its amount can influence GBCD significantly. To
populate higher fractions of special boundaries by one-step recrystallization process, alloying design should aim
to induce high grain boundary velocity and high grain boundary energy, while elements like Mn, which form
particles in the alloy to impede grain boundary migration, should be avoided. Future work will include the itera-
tive strain annealing process, the results of which will provide further insights on the correlations between grain
boundary velocity, strain consumption rate, and evolution of GBCD in complex alloy systems.
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Figure 3. Remained strain analysis of REC for CoCrFeMnNi: (a) 900°C/1h, (b) 950°C/1h, (c) 1000°C/1h,
(d) 1050°C/1h; CoCrFeNi: (e) 800°C/2h, (f) 800°C/6h, (g) 1100°C/1.5h, (h) 1100°C/2 h; FeCoNi: (i)
800°C/20 min, (j) 800°C/30 min, (k)700°C/1h.

Conclusion

Grain boundary evolutions of equiatomic CoCrFeMnNi, CoCrFeNi, and FeCoNi were studied after one-step
recrystallization. Among these three tested alloys, FeCoNi exhibited the highest special boundary fraction and
twin density after one-step recrystallization. The underlying mechanisms are summarized below:

(1) Boundary interaction mechanism and special boundary fraction depend on the grain boundary velocity,
which is mainly affected by the alloying element in this study, and the special boundary population is main-
ly controlled by HAGB dissociation.
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Figure 4. GBCD of REC for CoCrFeMnNi: (a) 900°C/1h, (b) 950°C/1h, (c) 1000°C/1h, (d) 1050°C/1h;
CoCrFeNi: (&) 800°C/2h, (f) 800°C/6h, (g) 1100°C/1.5h, (h) 1100°C/2 h; FeCoNi: (i) 800 °C/20 min, (j)
800°C/30 min, (k)700°C/1h.

(2) Twin density fits well with Pande’s model, because the main boundary interaction mechanism is HAGB
dissociation (growth accident), which is the foundation of Pande’s model.

(3) Twin density decreases with increasing amounts of the alloying element, because the alloying effect and
severe lattice distortion can decrease both the average grain boundary energy and twin boundary energy;
the effect of decrease in average grain boundary energy is more pronounced than that of the decrease in
twin boundary energy.
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Figure 5. Twin density analysis of CoCrFeMnNi, CoCrFeNi and FeCoNi REC results incluing (a) normalized
twin density as a function of grain size and (b) twin density as a function in Pande’s model.

Methods

Samples of equiatomic CoCrFeMnNi, CoCrFeNi, and FeCoNi alloys were melted into rectangular ingots
(40.5% 20.5x 12.0 mma3, 60 g) by arc melting, followed by drop casting within a pure Ar atmosphere. To reduce
the impurity level in the CoCrFeMnNi alloy, Mn was cleaned by nitric acid before arc melting in order to mini-
mize oxide contamination32. The ingots were arc melted three times to promote chemical homogeneity, and then
finally dropped into a rectangular Cu mold. Finally, the rectangular ingots were remelted again to ensure chemical
homogeneity. The ingots were encapsulated in quartz tubes with an Ar atmosphere and homogenized for 6h at
1100°C, followed by a water quench. After heat treatment, the surfaces of the ingots were ground by #80 grade
SiC abrasive papers to remove any surface oxides, and to reduce the thickness of the final ingots to 9.5 mm. Before
the GBE process, the ingots of each alloy had an average grain size of 1,000 um.

The following GBE process was applied to the ingots of each alloy: one-step recrystallization with 50% defor-
mation, followed by recrystallization and water quench. The reduction in thickness was conducted by a DBR-250
rolling mill at ambient temperature. The specimen was then cut by a wire electrical discharge machine, encapsu-
lated in an evacuated quartz tube and followed by annealing and water quench. The annealing temperature and
time were varied to control the grain size of each different alloy.

For metallographic analysis, after each GBE process, the specimens were prepared by a technique proposed
by Chen et al.® for electron backscatter diffraction analysis. Final polishing was performed using colloidal silica
with a 0.02 um particle size. The polished specimens were analyzed with a Hitachi SU-8010 scanning electron
microscope equipped with an EBSD detector under an acceleration voltage of 20kV. Grain size distribution,
remained strain analysis by misorientation distribution method, grain boundary character distribution, and twin
density were analyzed with EBSD post-processing software HKL CHANNEL 5*. A maximum scanning area of
1.92 x 1.44 mm? was used for grain size distribution, as that size was determined to contain enough grains for sta-
tistically valid analysis. The analyzed area of special boundary was specified with 22 x 18 D?, wherein D is equal
to average grain size. Step size was defined between 1.243 pm and 4.145 pum, depending on the average grain size
of the specimens. The rolling direction of the analyzed area is from left to right, while the transverse direction is
from bottom to top. A critical misorientation of 10° was used for grain size determination. 3 boundaries with
0 < 5° were not counted as grain boundaries for grain size determination. These were the default settings of HKL
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CHANNEL 5 software. Grains detected with only three pixels or lower were removed to reduce noise®. The grain
aspect ratio was calculated by the ratio of grain length to the grain width.

Remained strain of alloy after annealing was estimated by misorientation distribution, which was analyzed by
the recrystallized fraction component of HKL CHANNEL 5 software. If the internal misorientation in a grain
exceeded the minimum angle to define a subgrain, which was defined as 2°, the grain was classified as a deformed
grain. If a grain was composed of subgrains whose internal misorientation were under 2° but the misorientation
from subgrain to subgrain was above 2°, the grain was classified as a substructured grain. The remaining grains
were classified as free of strain (undeformed grains). CSL boundaries were defined by Brandon’s criterion:

-1
Om < 6,572, where §m is the maximum permissible deviation from coincidence and 6, ~ 15° *. Twin ¥3 bound-
aries were distinguished from non-twin X3 boundaries by 6,/6m < 0.2, where § is the permissible deviation from

coincidence’. Twin density, defined as the number of intercepts per unit length, was calculated by the following

equation: Twin density:LS—‘b%, where L, is the twin X3 boundary length and S is the corresponding area®.

References

1. Watanabe, T. An approach to grain-boundary design for strong and ductile polycrystals. Res Mechanica 11, 47-84 (1984).

2. Tan, L., Sridharan, K., Allen, T. R., Nanstad, R. K. & McClintock, D. A. Microstructure tailoring for property improvements by grain
boundary engineering. Journal of Nuclear Materials 374, 270-280, doi: 10.1016/j.jnucmat.2007.08.015 (2008).

3. Reed, B. W,, Kumar, M., Minich, R. W. & Rudd, R. E. Fracture roughness scaling and its correlation with grain boundary network
structure. Acta Materialia 56, 3278-3289, doi: 10.1016/j.actamat.2008.03.019 (2008).

4. Michiuchi, M., Kokawa, H., Wang, Z. ]., Sato, Y. S. & Sakai, K. Twin-induced grain boundary engineering for 316 austenitic stainless
steel. Acta Materialia 54, 5179-5184, doi: 10.1016/j.actamat.2006.06.030 (2006).

5. Tan, L., Sridharan, K. & Allen, T. R. Effect of thermomechanical processing on grain boundary character distribution of a Ni-based
superalloy. Journal of Nuclear Materials 371, 171-175, doi: 10.1016/j.jnucmat.2007.05.002 (2007).

6. Yang, S., Wang, Z., Kokawa, H. & Sato, Y. S. Reassessment of the effects of laser surface melting on IGC of SUS 304. Materials Science
and Engineering: A 474, 112-119, doi: 10.1016/j.msea.2007.03.103 (2008).

7. Randle, V. The Role of the Coincidence Site Lattice in Grain Boundary Engineering. ISBN: 1861250061 (Institute of Materials, 1996).

8. Randle, V. Grain boundary engineering: an overview after 25 years. Mater. Sci. Technol. 26, 253-261, doi: 10.1179/026708309x1260
1952777747 (2010).

9. Kobayashi, S., Hirata, M., Tsurekawa, S. & Watanabe, T. Grain boundary engineering for control of fatigue crack propagation in
austenitic stainless steel. Procedia Engineering 10, 112-117, doi: 10.1016/j.proeng.2011.04.021 (2011).

10. Hu, C,, Xia, S, Li, H,, Liu, T., Zhou, B., Chen, W. & Wang, N. Improving the intergranular corrosion resistance of 304 stainless steel
by grain boundary network control. Corrosion Science 53, 1880-1886, doi: 10.1016/j.corsci.2011.02.005 (2011).

11. Yeh, A. C., Huang, Y. H,, Tsao, T. K., Chang, S. C., Li, M. Y., Kuo, S. M. & Kuo, C. M. Investigations on the high temperature
properties of a superalloy after microstructure engineering. Journal of Alloys and Compounds 605, 142-148, doi: 10.1016/j.
jallcom.2014.03.170 (2014).

12. Randle, V. Mechanism of twinning-induced grain boundary engineering in low stacking-fault energy materials. Acta Materialia 47,
4187-4196, doi: 10.1016/S1359-6454(99)00277-3 (1999).

13. Lin, P,, Palumbo, G. & Aust, K. T. Experimental assessment of the contribution of annealing twins to CSL distributions in FCC
materials. Scripta Materialia 36, 1145-1149, doi: 10.1016/S1359-6462(97)00010-9 (1997).

14. Gleiter, H. The formation of annealing twins. Acta Metallurgica 17, 1421-1428, doi: 10.1016/0001-6160(69)90004-2 (1969).

15. Pande, C. S., Imam, M. A. & Rath, B. B. Study of annealing twins in FCC metals and alloys. MTA 21, 2891-2896, doi: 10.1007/
BF02647209 (1990).

16. Li, Q, Cahoon, J. R. & Richards, N. L. On the calculation of annealing twin density. Scripta Materialia 55, 1155-1158, doi: 10.1016/j.
scriptamat.2006.08.013 (2006).

17. Cahoon, J. R,, Li, Q. & Richards, N. L. Microstructural and processing factors influencing the formation of annealing twins.
Materials Science and Engineering: A 526, 56-61, doi: 10.1016/j.msea.2009.07.021 (2009).

18. Song, K. H., Chun, Y. B. & Hwang, S. K. Direct observation of annealing twin formation in a Pb-base alloy. Materials Science and
Engineering: A 454-455, 629-636, doi: 10.1016/j.msea.2006.11.151 (2007).

19. Yeh, J. W,, CHen, S. K,, Lin, S. J., Gan, J. Y., Chin, T. S., Shun, T. T., Tsau, C. H. & Chang, S. Y. Nanostructured High-Entropy Alloys
with Multiple Principal Elements: Novel Alloy Design Concepts and Outcomes. Advanced Engineering Materials 6, 299-303, doi:
10.1002/adem.200300567 (2004).

20. Tsai, M. H. & Yeh, J. W. High-Entropy Alloys: A Critical Review. Materials Research Letters 2, 107-123, doi:
10.1080/21663831.2014.912690 (2014).

21. Bhattacharjee, P. P, Sathiaraj, G. D., Zaid, M., Gatti, J. R, Lee, C., Tsai, C. W. & Yeh, J. W. Microstructure and texture evolution
during annealing of equiatomic CoCrFeMnNi high-entropy alloy. Journal of Alloys and Compounds 587, 544-552, doi: 10.1016/j.
jallcom.2013.10.237 (2014).

22. Zaddach, A. ], Niu, C., Koch, C. C. & Irving, D. L. Mechanical Properties and Stacking Fault Energies of NiFeCrCoMn High-
Entropy Alloy. JOM 65, 1780-1789, doi: 10.1007/s11837-013-0771-4 (2013).

23. Cantor, B,, Chang, I. T. H., Knight, P. & Vincent, A. J. B. Microstructural development in equiatomic multicomponent alloys.
Materials Science and Engineering: A 375-377, 213-218, doi: 10.1016/j.msea.2003.10.257 (2004).

24. Wu, Z., Bei, H., Otto, E, Pharr, G. M. & George, E. P. Recovery, recrystallization, grain growth and phase stability of a family of FCC-
structured multi-component equiatomic solid solution alloys. Intermetallics 46, 131-140, doi: 10.1016/j.intermet.2013.10.024
(2014).

25. Siegel, D. J. Generalized stacking fault energies, ductilities, and twinnabilities of Ni and selected Ni alloys. Applied Physics Letters 87,
121901, doi: 10.1063/1.2051793 (2005).

26. Lee, C. Study on deformation behaviors of equimolar alloys from Ni to CoCrFeMnNi Master thesis, National Tsing Hua University
(2012).

27. Tasan, C. C., Deng, Y., Pradeep, K. G., Yao, M. ], Springer, H. & Raabe, D. Composition Dependence of Phase Stability, Deformation
Mechanisms, and Mechanical Properties of the CoCrFeMnNi High-Entropy Alloy System. JOM 66, 1993-2001, doi: 10.1007/
$11837-014-1133-6 (2014).

28. Mahajan, S., Pande, C. S., Imam, M. A. & Rath, B. B. Formation of annealing twins in f.c.c. crystals. Acta Materialia 45, 2633-2638,
doi: 10.1016/S1359-6454(96)00336-9 (1997).

29. Wang, W,, Brisset, E, Helbert, A. L., Solas, D., Drouelle, 1., Mathon, M. H. & Baudin, T. Influence of stored energy on twin formation
during primary recrystallization. Materials Science and Engineering: A 589, 112-118, doi: 10.1016/j.msea.2013.09.071 (2014).

30. Hosford, W. E, Mechanical Behavior of Materials. 2nd Edition, ISBN: 9780521195690 (Cambridge University Press, 2009).

31. Rath, B. B, Imam, M. A. & Pande, C. S. Nucleation and growth of twin interfaces in FCC metals and alloys. Materials Physics and
Mechanics 1, 61-66 (2000).

SCIENTIFICREPORTS | 6:22306 | DOI: 10.1038/srep22306 8



www.nature.com/scientificreports/

32. Otto, E, Dlouhy, A., Sosen, Ch., Bei, H., Eggeler, G. & George, E. P. The influences of temperature and microstructure on the tensile
properties of a CoCrFeMnNi high-entropy alloy. Acta Materialia 61, 5743-5755, doi: 10.1016/j.actamat.2013.06.018 (2013).

33. Chen, Y.j., Hjelen, ]. & Roven, H. J. Application of EBSD technique to ultrafine grained and nanostructured materials processed by
severe plastic deformation: Sample preparation, parameters optimization and analysis. Transactions of Nonferrous Metals Society of
China 22, 1801-1809, doi: 10.1016/S1003-6326(11)61390-3 (2012).

34. Oxford Instruments HKL Technology CHANNEL 5 (2007). EBSD Post-processing Software. Oxford Instruments HKL,
Majsmarken1, 9500 Hobro, Denmark. URL http://www.oxford-instruments.com/products/microanalysis/ebsd/ebsd-post-
processing-software.

35. Mingard, K. P,, Roebuck, B., Bennett, E. G., Gee, M. G., Nordenstrom, H., Sweetman, G. & Chan, P. Comparison of EBSD and
conventional methods of grain size measurement of hardmetals. International Journal of Refractory Metals and Hard Materials 27,
213-223, doi: 10.1016/j.irmhm.2008.06.009 (2009).

36. Brandon, D. G. The structure of high-angle grain boundaries. Acta Metallurgica 14, 1479-1484, doi: 10.1016/0001-6160(66)90168-
4(1966).

37. Jin, Y, Lin, B., Bernacki, M., Rohrer, G. S., Rollett, A. D. & Bozzolo, N. Annealing twin development during recrystallization and
grain growth in pure nickel. Materials Science and Engineering: A 597, 295-303, doi: 10.1016/j.msea.2014.01.018 (2014).

Author Contributions

B.-R.C. Master’s Degree: Mr. C. conducted all experimental work and analyzed all data presented in this article.
Mr. C. has written the first draft of this article. A.-C.Y. Assistant Professor: Prof. Y. planned this research project
and supervised the present research work conducted by B.-R.C. Prof. Y. has reviewed the article. J.-W.Y. Professor:
Prof. Y. jointly supervised the present research work conducted by B.-R.C. Prof. Y. has reviewed the article.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, B.-R. et al. Effect of one-step recrystallization on the grain boundary evolution of
CoCrFeMnNi high entropy alloy and its subsystems. Sci. Rep. 6, 22306; doi: 10.1038/srep22306 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

B o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:22306 | DOI: 10.1038/srep22306 9


http://www.oxford-instruments.com/products/microanalysis/ebsd/ebsd-post-processing-software
http://www.oxford-instruments.com/products/microanalysis/ebsd/ebsd-post-processing-software
http://creativecommons.org/licenses/by/4.0/

	Effect of one-step recrystallization on the grain boundary evolution of CoCrFeMnNi high entropy alloy and its subsystems
	Introduction
	Results and Discussions
	Conclusion
	Methods
	Additional Information
	References



 
    
       
          application/pdf
          
             
                Effect of one-step recrystallization on the grain boundary evolution of CoCrFeMnNi high entropy alloy and its subsystems
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22306
            
         
          
             
                Bo-Ru Chen
                An-Chou Yeh
                Jien-Wei Yeh
            
         
          doi:10.1038/srep22306
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22306
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22306
            
         
      
       
          
          
          
             
                doi:10.1038/srep22306
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22306
            
         
          
          
      
       
       
          True
      
   




