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11 Abstract: The microstructure evolution and grain refinement kinetics of a solution treated Cu —
12 0.1Cr - 0.06Zr alloy during equal channel angular pressing (ECAP) at a temperature of 673 K via
13 route Bc were investigated. The microstructure change during plastic deformation was
14 accompanied by the microband formation and an increase in the misorienations of strain-induced
15 subboundaries. The refinement of initial coarse grains was considered as a result of continuous
16 dynamic recrystallization. The dynamic recrystallization kinetics was discussed in terms of
17 grain/subgrain boundary triple junction evolution. The strain dependence of the triple junctions of
18 high-angle boundaries can be expressed by a modified Johnson-Mehl-Avrami-Kolmogorov

19 relationship with a strain exponent of about 1.49. Severe plastic deformation by ECAP led to
20 substantial strengthening of the Cu-0.1Cr-0.06Zr alloy. The yield strength increased from 60 MPa in
21 the initial state to 445 MPa after the total strain of 12.

22 Keywords: Cu-Cr-Zr alloy; grain refinement; severe plastic deformation; triple junctions; grain
23 refinement kinetics
24

25 1. Introduction

26 The Cu-Cr-Zr alloys are one of typical Cu-base precipitation hardening type alloys, which were
27  designed to exhibit both high electrical conductivity and high strength [1-11]. These alloys are
28 advanced materials for railway contact wire, resistance welding electrodes, electronic commutators,
29  etc. [2, 12]. There is a demand for high speed electric railways to increase the strength and
30 electroconductivity of contact wires [4, 13]. The strength of Cu-Cr-Zr alloy can be significantly
31  enhanced through grain refinement in accordance with the Hall — Petch equitation [14-21]. One of
32 promising methods for grain refinement and hardening of various metallic materials including
33 copper and Cu-Cr-Zr alloys is severe plastic deformation [15, 18-33]. Recently, many techniques of
34 severe plastic deformation such as high pressure torsion [6, 22-23], multidirectional forging [24, 25],
35  accumulative roll-bonding [26] and equal channel angular pressing [4, 18-21, 27-32], have been
36  developed to obtain an ultra-fine grained structure in metals and alloys. Most of this specific
37  technique is used only for laboratory simulations at present time. The main advantage of ECAP is
38  the possibility of its industrial application as the ECAP-Conform to process large semi-products
39  [21-23]. The ECAP-Conform-processing can be used in continuous line of rod or wire production
40  [33-36]. The microstructures and mechanical properties developed after ECAP and ECAP-Conform
41  have been confirmed being the same [33]. The necessary properties, such as strength and
42 electroconductivity, can be obtained by controlling the development of the ultra-fine grained
43 structure during large strain plastic deformation.

44 The development of ultra-fine grained structures in copper and its alloys during severe plastic
45  deformation results from a type of a continuous dynamic recrystallization, in which the grain
46  refinement can be considered as an evolution of the deformation substructures [19-21, 37-40]. During
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47  continuous dynamic recrystallization the strain-induced low-angle boundaries gradually transform
48  into high-angle boundaries with an increase in the total strain. As a result, the ultra-fine grained
49 structure with high dislocation density evolves at large strains [19-21, 37-41].

50 It is important in the dynamic recrystallization that new low-angle boundaries form and
51 increase their misorientations during deformation. The continuous dynamic recrystallization
52 development can be characterized by the mean angle of boundary misorientations, the fraction of
53 low-angle and high-angle boundaries, the distribution of boundary misorientations and also the
54  nature and distribution of boundary triple junctions formed by the new strain-induced
55  (sub)boundaries. However, the triple junction analysis has not been reported in scientific literature.
56  The model distribution of the triple junctions including special and ordinary grain boundaries has
57  been briefly discussed [42]. In general, triple junctions in deformed materials can be formed by three
58  low-angle boundaries (J0), one high-angle and two low-angle boundaries (J1), two high-angle and
59  one low-angle boundary (J2) and three high-angle boundaries (J3). The developing microstructure
60  should correspond to the specific triple junction distribution. Thus, at relativity small strains, large
61 fraction of JO and small fraction of J3 are expected. On the other hand, the J3 fraction in the
62  dynamically recrystallized ultra-fine grained structure after large strain deformations should be
63  approximately 1. Therefore, the study of the triple junction evolution can be used as a new approach
64  to follow the microstructural changes and the kinetics of grain refinement process.

65 It has been shown in [43-45] that the progress in discontinuous dynamic recrystallization
66  complies with normal Avrami kinetics, and the recrystallized fraction (Forx) can be related to a strain
67  (e) through a modified Johnson-Mehl-Avrami-Kolmogorov equation,

Forx=1-exp (-ken), (1)
68 where k and n are constants, which depend on the material nature and processing conditions.
69 The development of the ultra-fine grained structure during cold-to-warm deformation has been

70  studied in numerous papers [20, 46-47]. It was shown that the kinetics of continuous dynamic
71  recrystallization could be adequately described by the modified Johnson-Mehl-Avrami-Kolmogorov
72 equation. This approach used the ultra-fine grain fraction for the quantitative assessment of the
73 continuous dynamic recrystallization progress. On the other hand, the evolution of triple junctions
74 in dynamic recrystallized microstructures has not been detailed, although it can also be used to
75 characterize the grain refinement kinetics during cold-to-warm deformation. Thus, the aims of the
76  present work are to study the effect of ECAP on the microstructure evolution and the grain
77  refinement kinetics in a Cu-Cr-Zr alloy using the triple junction distribution analysis.

78 2. Materials and Methods

79 A Cu-Cr-Zr alloy (Cu—0.1 Cr-0.07 Zr, all in wt.%) subjected to a solution treatment at 1093 K for
80  1h followed by water quenching was used as the starting material. The initial grain size was about
81 120 um. ECAP was used as a method of severe plastic deformation. The billets of 14 mm x 14 mm x
82 90 mm were processed by ECAP via route Bc (90° anticlockwise rotation of the samples after each
83  ECAP pass) at a strain rate of 1 s1. The true strain attained at each pass was 1. ECAP was executed to
84  different total strains up to 12. The fine microstructure of ECAP samples was examined by a Quanta
85 250 Nova scanning electron microscope equipped with an electron backscattering diffraction (EBSD)
86  analyzer using an orientation imaging microscopy (OIM) software. The microstructural
87  investigations were carried out on the Y plane, i.e. flow plane along the side face at the point of exit
88  from the die [27]. The specimens for the EBSD analysis were electro-chemically polished at 238 K
89  using an electrolyte of HNOs:CHsOH=1:3. The step size for the EBSD scan was t = 420 nm for the
90  specimen deformed to a total strain of € = 1, t = 200 nm for the specimen deformed to € =2 and t =50
91  nm for specimens deformed to total strains of 4 to 12. The OIM images were processed by the
92 clean-up procedures, setting a minimal confidence index of 0.1. The mean grain size (D) was
93 measured by the linear intercept method on the OIM images as an interval between high-angle
94 boundaries. A critical misorientation angle between low-angle and high-angle boundaries was 15°.
95  The dislocation densities were estimated using the kernel average misorientations over a distance of
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96 400 nm [21]. The fraction of high-angle boundaries (Fuas) and fraction of ultra-fine grains (Furc), i.e.,

97  those with D < 2 um, were evaluated using the OIM software (EDAX TSL, version 5.2). The triple

98  junctions fraction was estimated counting more than 300 junctions for each state. The tensile tests

99  were executed at ambient temperature using an Instron 5882 tensile machine with an initial strain
100  rateof2x103s.

101 3. Results

102 3.1 Microstructural evolution

103 After solution treatment, the initial microstructure of the Cu-0.1Cr-0.06Zr alloy included coarse
104  grains with the size of about 120 um. Typical deformation microstructures developed in the
105  Cu-0.1Cr-0.06Zr alloy subjected to ECAP deformation to various strain levels are shown in Fig. 1.
106  ECAP to a relativity small strain of about 1 is accompanied by the elongation of initial coarse grains
107  along the metal flow direction. The deformation microbands bounded by high-angle boundaries and
108  many strain-induced subboundaries with low-angle misorientations (6 < 15°) are formed within the
109  initial grains. Further deformation results in the deformation microbands development. The
110 deformation microbands separate the initial grains into fragments with a size less than 10 um.
111 Increasing the transverse boundaries misorientation angle within the deformation microbands with
112 straining results in the ultra-fine grain formation. An increase in the deformation microband number
113 promotes the development of new ultra-fine grains and leads to the partially recrystallized
114 microstructure. After a total strain of 8 many subboundaries transform into high-angle boundaries,
115  so uniform equiaxed grains with the mean grains size below 1 um are developed. Further

116 deformation does not lead to any qualitative changes of the deformation microstructures.
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117 Figure 1. Typical deformation microstructures developed in a Cu-0.1Cr-0.06Zr alloy subjected to
118 ECAP at a temperature of 673 K to total strains of 1 (a); 2 (b), 4 (c), 8 (d) and 12 (e). The inverse pole
119 figures are shown for the pressing direction (PD in f). The white and black lines indicate the
120 low-angle (0<15°) and high-angle (6>15°) boundaries, respectively.
121 As can be seen in Figure 2, the grain size distribution is characterized by a low fraction of the

122 ultra-fine grained structure near 0.05 at a relatively small strain of e~2. The strain increasing
123 promotes the ultra-fine grain formation and a substantial increase in the ultra-fine grain area fraction
124 after 4 ECAP passes. The fraction of large grains decreases, while that of fine grains increases upon
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125 further processing. Thus, after total strain of 8 the ultra-fine grain fraction is above 0.5. Finally, a
126  rather large peak stands out for small grain sizes.
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128 Figure 2. Grain size and boundary misorientation distributions for a Cu-0.1Cr-0.06Zr alloy
129 processed by ECAP at 673 K to total strains (€) of 2 to 12.
130 The (sub)grain misorientations developed in the Cu-Cr-Zr alloy during the severe plastic

131  deformation by ECAP are presented in Fig. 2. The large fraction of low-angle boundaries is observed
132 after the second ECAP pass. Then, the maximum against low-angle misorientations gradually
133 decreases, and the fraction of high-angle misorientations increases with straining. Such flat-type
134 misorientation distribution is often observed in various metal and alloys during severe plastic
135  deformation accompanied by continuous dynamic recrystallization irrespective of the processing
136 method [19-21, 37-39].

137 The changes in the grain size (D), the dislocation density (p), the high-angle boundaries fraction
138 (Fuas) and the ultra-fine grain fraction (Furc) during ECAP are shown in Figure 3. ECAP produces
139 substantial grain refinement in the range of strains from 1 to 4. After the first ECAP pass, the mean
140  grain size drastically reduces to 8.6 um. Further deformation promotes grain refinement and the
141 mean grain size after 4 ECAP passes is less than 1 um. Then, the rate of grain refinement slows
142 down, after total strain of ¢ = 12 the mean grain size attains 0.5 um. The ECAP processing is
143 accompanied by a significant increase in the dislocation densities from 5 x 1012 m2 in the initial state
144 to about 9 x 104 m2 after straining to 8. It is seen in Fig. 3 that the dislocation density change during
145  ECAP clearly correlates with the grain size reduction.

146 The kinetics of the dynamic recrystallization during large plastic deformation can be estimated
147  using the high-angle boundary fractions (Fuas) and ultra-fine grain fractions (Furc). An increase of
148  the ultra-fine grain fraction has an incubation period corresponding to relativity low strains of 0-2.
149 Then, the ultra-fine grain fraction significantly increases and after a total strain of 12 attains 0.5. In
150  contrast, the high-angle boundaries fraction gradually increases from 0.1 to its apparent saturation
151  of about 0.7 with increasing the total strain from 1 to 12. This behavior of ultra-fine grain and
152 high-angle boundary evolution is associated with the microbands, which are bounded by high-angle
153 boundaries, but do not involve ultra-fine grains at relatively small strains.

154
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155 Figure 3. The strain (¢) effect on the mean grain size (D), the dislocation density (p), the fraction of
156 high-angle boundaries (Fuas), and the fraction of ultra-fine grain (Furc) in a Cu-0.1Cr-0.06Zr alloy
157 subjected to ECAP at 673 K.
158  3.2. Tension behavior
159 The solution treated samples of the Cu-0.1Cr-0.06Zr alloy are characterized by the small yield

160  strength (c02) of 60 MPa and the ultimate tension stress (UTS) of 185 MPa comparable to pure copper
161 [16]. The hardening stage is large and the elongation amounts 60 % in tensile tests (Fig. 4). The strain
162 imposed by ECAP to the copper alloy strongly influences the strength and ductility. The first pass
163 results in significant strengthening, co2 and UTS increase by about 375% and 70%, respectively.
164 Then, efficiency of deformation strengthening degrades, after the second ECAP pass additional
165  increments in the both co2 and UTS are 75 MPa. Upon further straining to 4-12, the o2 and UTS
166  values increase slowly, leading to gradual strengthening.
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168 Figure 4. Stress-strain curves and the strain effect on the yield strength, (co2), the ultimate tensile
169 strength (UTS) and total elongation (d) of a Cu-0.1Cr-0.06Zr alloy subjected to ECAP at 673 K.
170 The maximum 602 and UTS are 445 MPa and 465 MPa after 12 ECAP passes, respectively. The

171  strengthening by deformation to strains of 12 leads to a degradation in the plasticity. Total
172 elongation decreases from 60% in the initial state to 11% after 12 passes of ECAP. The severe plastic
173 deformation of the Cu—Cr—Zr alloy shortens the hardening stage. In contrast to the initial state, the
174 necking in the ECAP processed samples takes place at relatively small tensile strains, leading to
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175  rapid fracture during the tensile tests. As a result, the UTS and o2 values are very close to each other
176  in the Cu-0.1Cr—0.05Zr alloy subjected to the ECAP processing.

177 4. Discussion

178 The severe plastic deformation is accompanied by significant microstructure change that is
179  associated with an increase in the dislocation density and the strain-induced (sub)boundaries. The
180  new grains develop heterogeneously that is assisted with the formation of deformation bands. This
181  process promotes fragmentation of the initial grains and leads to a rapid increase in the Fras fraction,
182  while Furc does not increase remarkably at early stage of deformation (Fig. 3). The number of the
183  deformation microbands rapidly increases during ECAP to a strain of 2. Then, the new ultra-fine
184  grains readily develop along the microbands and the initial grain boundaries, as well as their
185  intersections accelerating an increase in Furc. The deformation microbands and the new
186  (sub)boundaries lead to the appearance of new triple junctions formed by low-angle and/or
187  high-angle boundaries. The number of high-angle boundaries in the triple junctions and the
188  distribution of the triple junction fractions are controlled by continuous dynamic recrystallization
189  and grain refinement.
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190 Figure 5. The strain effect on the fraction of triple junctions with 0, 1, 2 or 3 adjacent high-angle
191 boundaries, denoted as Fio, Fy, F2 and Fys, respectively, for a Cu-0.1Cr-0.06Zr (0.1Cr), Cu-0.3Cr-0.5Zr
192 (0.3Cr), Cu-0.8Cr-0.05Zr (0.8Cr) alloys after solution treatment (ST) or aging (AT) subjected to ECAP

193 or multidirectional forging (MDF) at 673 K.
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194 The effect of total strain on the fraction of triple junctions with the different contents of
195  high-angle boundaries in the present alloy and several other Cu-Cr-Zr alloys with different
196  chromium/zirconium contents subjected to severe plastic deformations by different methods at a
197 temperature of 627 K [19-21, 24] is represented in Fig. 5. The large fraction of JO at the relativity small
198  strains corresponds to the formation of many dislocation subboundaries with low-angle
199  misorientations. Then, the fraction of JO gradually decreases with straining as the new high-angle
200  boundaries develop. It should be noted that the number of the J1 junctions is quite small and does
201  not vary remarkably during the deformation irrespective of total strains. The J1 fraction is almost
202 unchanged with straining and equals 0.1-0.15. In contrast, many triple junctions with 2 high-angle
203  boundaries rapidly appear upon the plastic deformation to strains of 4. Therefore, the ]2 fraction
204  quickly increases in the strain range of 0 to 4 followed by a slight decrease during subsequent
205  deformation. The fraction of J3 exhibits an accelerated increase in the range of intermediate strains of
206 2 to 8 and then approaches an apparent saturation of about 0.5 at large strains. The strain range of 0
207  to 4 is characterized by the development of the deformation microbands. The formation of such
208  bands leads to an increase in the J2 fraction and a decrease in the JO fraction. The change in the JO
209  fraction during large deformation of the Cu-Cr-Zr alloys with different Cr and Zr content as shown
210  inFig. 5 can be related to the strain (¢) through an exponential function:

Fro=0.8 exp (-0.25 ¢).

211 The high J2 and low JO fractions indicate the localization of deformation in the microbands. The
212 strain dependence of J2 fraction on ECAP deformation has a peak at total strains of 4-6. Further
213 plastic deformation is accompanied with a decrease in the fraction of low-angle boundaries, thus, the
214 ]O fraction degrades to almost zero at sufficiently large strains. The transformation of the transverse
215  low-angle boundaries into high-angle boundaries and the ultra-fine grained structure formation
216 lead to an increase in the J3 fraction while the J2 fraction decreases in the range of total strains of
217  8-12. The strain effect on the J3 fraction in the various Cu-Cr-Zr alloys shown in Fig. 5 can be
218  approximated by a sigmoid law as follows:

F1o=0.54 / (1+exp (-0.56 € - 2.4)).

219 The faster structural changes during multidirectional forging as compared to ECAP may be caused
220 by a frequent rotation of the samples around three orthogonal axes with a respect of forging
221 direction (i.e., in each pass strain of 0.4 during multidirectional forging against a pass strain of 1.0
222 during ECAP).
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223 Figure 6. The relationship between the low-angle (FLas) and high-angle (Fuas) boundary fractions
224 and the fractions of triple junctions with 0 (Fy) and 3 (Fj3) adjacent high-angle boundary in the
225 Cu-Cr-Zr alloys after severe plastic deformation at 673 K. The type and colors of symbol have the

226 same definitions as in Fig. 5.
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227 The JO fraction depends on low-angle boundaries quantity and should correlate with the
228  low-angle boundaries fraction. Figure 6 illustrates the relationship between the JO fraction, including
229  only low-angle boundaries, and the low-angle boundaries fraction. It can be seen that the
230  experimental data can be expressed by a linear function as follows.

Fjo=-0.30 + 1.2 Fras.

231 On the other hand, the high-angle boundaries fraction should correlate with the fraction of J3
232 triple junctions. The change in the J3 fraction with the change in the high-angle boundaries fraction
233 inFig. 6 can be expressed by an exponential law:

Fr3 =0.08 exp (3.23 Fras).

234 The high-angle boundaries fraction has been suggested to correlate with the ultra-fine grain
235 fraction [19-20, 24, 38]. The relationship between Fuas, Furc and Fr is represented in Figure 7. The
236  rapid growth of the high-angle boundaries fraction is associated with the appearance of deformation
237  bands. The ultra-fine grain formation requires the high-angle misorientations for all boundaries
238 surrounding the crystallite. Therefore, the formation of ultra-fine grains is delayed at early
239  deformation stage until the density of high-angle boundaries attains sufficiently large value. In
240  contrast the J3 fraction clearly correlates with the ultra-fine grain fraction and can be expressed by a
241  linear function passing through the origin:

Fi3=0.76 Furac.

242 The triple junctions consisting of only high-angle boundaries and ultra-fine grained structure start to
243 form at the same time, but the rate of ultra-fine grain formation is faster than that of increase of the J3
244 fraction. The lag of the J3 fraction increase is associated with a difference between the upper level of
245  ultra-fine grain size (2 um) and the subgrain size (0.3-0.5 um).
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246 Figure 7. Relationships between the ultra-fine grain fraction (Furc), the high-angel boundary fraction
247 (Fuas) and the fraction of triple junctions of high-angle boundaries (Fj3) in the Cu-Cr-Zr alloys after
248 severe plastic deformation at 673 K. The type and colors of symbol have the same definitions as in
249 Fig. 5.
250 The correlation of the J3 fraction with the ultra-fine grain fraction makes it possible to use the J3

251  analysis to estimate the kinetics of grain refinement that can be discussed in the term of dynamic
252 recrystallization kinetics using Eq. 1. During dynamic recrystallization, the change of the J3 fraction
253 should correspond to the fraction of DRX grains. Therefore, the Johnson-Mehl-Avrami-Kolmogorov
254 equation using the triple junctions approach has a similar form:
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Fs=1-exp(-ken). 2)
255 The plot of In(1/(1-Forx)) vs € in logarithmic scale should represent a straight line. The change in

256 the J3 fraction for the Cu-0.1 Cr-0.05 Zr and Cu-0.3 Cr -0.5Zr alloys in solution treated and aged
257  conditions are presented in Figure 8 a and b. It is clearly seen that the J3 evolution kinetics in these
258  two alloys is nearly the same for the solid solution conditions and can be described by the
259 Johnson-Mehl-Avrami-Kolmogorov equation with constants of n=1.49, k=0.03. On the other hand,
260  the aged Cu-Cr-Zr alloys with different chromium content demonstrate the different J3 fraction
261  changing rate. The chromium increase leads to the acceleration of J3 changing kinetics, constants of
262  n=1.16, k =0.06 are obtained for the Cu-0.3 Cr 0.5Zr alloy and those of n=1.46, k=0.03 for the Cu-0.1
263  Cr-0.05 Zr alloy. The promotion of the DRX kinetics has been discussed as results of particle
264  precipitation in the starting materials [48, 49]. Therefore, the difference in the volume fraction of Cr-
265  and Zr- particles in the Cu-Cr-Zr alloys can lead to increasing the J3 changing kinetics in the
266  Cu-0.3Cr-0.5Zr alloy.
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267 Figure 8. The strain effect on the grain refinement in a Cu-0.1Cr-0.06Zr and Cu-0.3Cr-0.5Zr alloys
268 during ECAP at 673 K; recrystallization kinetics for solution treated (a) and aged (b) samples and the
269 strain effect on the ultra-fine grain fraction in solution treated (c) and aged (d) samples. The type and

270 colors of symbol have the same definitions as in Fig. 5.
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271 The obtained relationships between JO and low-angle boundaries, J3 and high-angle
272 boundaries/ultra-fine grains, as well as clear correlation between the qualitative microstructure
273  evolution and the quantitative variation of the J0, J1, ]2 and J3 fractions makes it possible to use the
274  triple junction analysis as an informative source for understanding the structural changes during
275  deformation. The presented approach using the triple junction analysis describes well the
276  microstructural evolution during plastic deformation and allows us to study the grain refinement
277  and dynamic recrystallization in more detail.

278 5. Conclusions

279 The grain refinement, microstructure evolution and kinetic of dynamic recrystallization in the
280  Cu-0.1Cr-0.06Zr alloy subjected to ECAP processing at 673 K were studied using the boundary triple
281  junction analysis. The main results can be summarized as follows:

282 1. The ECAP processing was accompanied by a significant decrease in the grain size from 120
283 umin the initial condition to 0.5 pm after a total strain of 12. The grain size rapidly decreased during
284  1-4 ECAP passes and then remained almost unchanged during further ECAP.

285 2.  The formation of the ultra-fine grained structure resulted from the deformation band
286  evolution and an increase in misorienations of strain-induced subboundaries during
287  ECAP-processing. An increase in total strain led to an increase in both the high-angle boundary
288  fraction and the ultra-fine grain fraction. The grain refinement can be discussed in the terms of
289  continuous dynamic recrystallization.

290 3. The ECAP-deformation was accompanied by gradual strengthening. The yield strength
291  increased from 60 MPa in the initial state to 445 MPa after 12 ECAP passes. Correspondingly, total
292  elongation decreased from 60% to 9%.

293 4. The fraction of boundary triple junctions consisting of only low-angle boundaries gradually
294  decreased through an exponential law function of total strain during severe plastic deformation. The
295  fraction of boundary triple junctions with one high-angle boundary and two low-angle boundaries
296  was about 0.1-0.15 and did not change remarkably with straining. The fraction of boundary triple
297  junctions with two high-angle boundaries and one low-angle boundary increased to a peak at strains
298  of 4-6 followed by a little decrease at large strains. The fraction of boundary triple junctions
299  consisting of only high-angle boundaries increased by a sigmoid law function with deformation.
300 5. The fractions of the low-angle boundary triple junctions and the high-angle boundary triple
301  junctions can be related to the low-angle boundary fraction and the ultra-fine grain fraction,
302  respectively, through linear functions. The strain dependence of the high-angle boundary triple
303  junctions can be expressed by a modified Johnson-Mehl-Avrami-Kolmogorov equation,
304  Fp=1-exp (-ken), with a strain exponent of n = 1.49 and k = 0.03.

305
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