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Abstract: This study (Part I) investigates the microstructural evolution in a model Al-3 %Cu alloy during equal-channel 
angular pressing at an elevated temperature of 300°C (0.6Tm). The use of a binary model alloy aims to isolate the fundamental 
grain refinement mechanisms without the confounding effects of transition metal dispersoids. Through scanning electron 
microscopy with electron backscatter diffraction and X-ray diffraction analysis, it is demonstrated that grain refinement 
occurs via continuous dynamic recrystallization. This process is primarily driven by the formation of permanent structural 
elements — microshear bands. The boundaries of these bands accumulate dislocations over successive equal-channel angular 
pressing passes, leading to a progressive increase in misorientation and their eventual transformation into high-angle grain 
boundaries. The θ-phase (Al2Cu) precipitates play a critical dual role: they stabilize the deformation-induced structures by 
pinning dislocations and exerting Zener drag on boundaries, while simultaneously controlling local dislocation rearrangement 
that aids the formation of more equilibrium subgrain structures. Despite intense dynamic recovery and competing static 
softening processes during inter-pass annealing, dynamic refinement remains dominant. This work establishes microshear 
band-driven continuous dynamic recrystallization as a fundamental grain refinement mechanism in simple Al-Cu alloys, 
providing a crucial baseline for understanding the enhanced refinement in commercial alloys containing dispersoids, as will 
be reported in Part II.
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1. Introduction

Equal-channel angular pressing (ECAP) is a prominent 
severe plastic deformation (SPD) technique extensively 
used for producing bulk ultrafine-grained (UFG) materials 
[1– 6]. The exceptional properties of UFG materials, such 
as high strength and potential for superplasticity, are well-
documented [2, 3]. The microstructural evolution during 
ECAP at low to moderate temperatures, which is primarily 
governed by the formation of a dislocation substructure and 
its transformation into high-angle grain boundaries, has 
been thoroughly studied in various alloys [3 – 6].

In contrast, the behavior of alloys during SPD at elevated 
temperatures (typically above 0.5Tm) remains less explored 
[7 –11]. At these temperatures, thermally activated processes 
like dynamic recovery and dynamic recrystallization become 

dominant, critically influencing the final microstructure [12]. 
While extensive dynamic recovery can impede the accumulation 
of dislocations necessary for grain refinement, it can also control 
the formation of the substructure, which is a precursor to 
continuous dynamic recrystallization (cDRX) [11–13].

A significant body of research on high-temperature 
SPD has focused on complex commercial alloys containing 
transition metals (e. g., Zr, Mn, Cr, Sc) [14]. These elements 
form nanoscale dispersoids that enhance the thermal stability 
of the microstructure [3, 8,11,14 –17]. However, the presence 
of these stable particles can obscure the fundamental 
mechanisms of grain refinement and misorientation 
evolution, making it difficult to extrapolate these findings 
to simpler alloy systems. To decouple the intrinsic effects of 
SPD from the additional influence of dispersoids, studies on 
model alloys not containing transition metals are essential.
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This study, presented in two parts, aims to provide 
a comprehensive understanding of microstructural 
development during high-temperature ECAP of Al-Cu 
alloys. In the first part, a model Al-3 %Cu alloy is employed to 
isolate the fundamental mechanisms of grain refinement. The 
primary objectives of this work are:

(i) to elucidate the microstructural evolution and the 
mechanism of grain refinement in a model binary Al-Cu 
alloy during ECAP at 300°C (0.6Tm);

(ii) to quantitatively characterize the development 
of deformation-induced boundaries, caused by a strain 
heterogeneity with a particular focus on the role of 
deformation / shear bands, as permanent structural elements, 
driving the refinement process [5, 6,18 – 20];

(iii) to analyze the competition between dynamic grain 
refinement and concomitant static softening processes that 
occur during inter-pass annealing [9, 21].

The use of a binary model alloy allows us to clarify the 
role of basic second-phase θ (Al2Cu) precipitates, without the 
complicating effects of fine dispersoids, thereby establishing a 
baseline understanding of cDRX in Al-Cu alloys under high-
temperature SPD conditions.

2. Materials and methods

An ingot of the model alloy Al-3 wt.% Cu was homogenized 
at 520°C for 4  hours, followed by furnace cooling to 
eliminate dendritic segregation and promote the formation 
of equilibrium precipitates of the θ-phase (Al2Cu).

Cylindrical samples, measuring 20 mm in diameter and 
100  mm in length, were machined from the homogenized 
ingot. Isothermal ECAP was performed at 300°C using a 
hydraulic press and a die with channel intersection angles of 
Φ = 90° and Ψ = 0°. This configuration imposes an equivalent 
strain of approximately Δe ≈1 per pass [4 – 6]. Processing was 
conducted following route  A (no sample rotation between 
passes) for up to 12 passes, resulting in a total accumulated 
strain of e ≈12. The pressing speed was maintained at 6 mm / s, 
resulting in an approximate strain rate of 3 s−1. To preserve 
the deformation structure, the samples were water-quenched 
immediately after each pass. Before the next operation, they 
were reheated to 300°C and held for 45 minutes to provide 
consistent inter-pass conditions.

Microstructural analysis was carried out on longitudinal 
sections parallel to the pressing direction (PD). For optical 
microscopy, mechanically polished samples were etched with 
Keller’s reagent. Specimens for electron microscopy were 
prepared by electropolishing in a solution of 30 % HNO3 
and 70 % CH3OH at 20  V and −30°C. Scanning electron 
microscopy (SEM) coupled with electron backscatter 
diffraction (EBSD) was performed using TESCAN MIRA 
3 LMH and LEO-1530 field-emission microscopes, both 
equipped with HKL Channel 5 software. The microscopes 
were operated at 20 kV with a beam current of ≈2.2 nA. The 
scan step size was set between 0.1 and 0.4 μm to ensure an 
average of at least five measurement points per crystallite. 
Standard noise reduction procedures were applied to eliminate  
non-indexed points.

For the analysis of EBSD data, inverse pole figure 
(IPF) maps were used. Boundaries between measurement 

points were classified and visualized as follows: low-angle 
boundaries (LABs, 2°≤ θ <5°) as thin white lines, medium-
angle boundaries (MABs, 5°≤ θ <15°) as thin dark gray lines, 
and high-angle boundaries (HABs, θ ≥15°) as bold black lines. 
For the “deformed − subgrained − recrystallized” component 
maps, areas with high lattice distortion (>2°) bounded by 
HABs were colored dark, subgrained areas (containing 
LABs / MABs) were colored gray, and recrystallized areas were 
colored white. Boundaries with misorientation below 2° were 
excluded from the analysis. The grain size was determined 
using the equivalent circle diameter method. The volume 
fraction of new fine grains was calculated using the point 
counting technique. X-ray diffraction analysis was performed 
on a 1 mm diameter area using the photograph method with 
a URS 2.0 device to qualitatively assess structure and texture 
development and lattice strain.

3. Results

3.1. Precipitate features in the model Al-3 %Cu alloy

Homogenization treatment of the model Al-3 %Cu alloy 
produced a uniform, equiaxed α-Al solid solution matrix 
with grain sizes ranging from 100  to 400  μm [9,10]. The 
structure was characterized by the presence of numerous 
secondary θ (Al2Cu) phase precipitates, which formed 
during slow cooling of the ingot to room temperature 
(Fig.  1a). These θ-phase precipitates were distributed both 
heterogeneously at grain boundaries and homogeneously 
within the grains [10]. Consequently, this treatment resulted 
in a non-uniform distribution of precipitates with sizes 
ranging from approximately 0.01 to 3 μm.

Subsequent heating and a one-hour hold at 300°C, 
simulating the pre-heating stage for isothermal ECAP, led 
to partial dissolution and coarsening / spheroidization of the 
secondary phases (Fig. 1b). However, the overall distribution 
pattern was maintained, and the precipitate sizes remained 
within the previously mentioned range. After this treatment, 
the microstructure contained predominantly Al2Cu 
precipitates, which acted as the main strengthening phase 
in the model alloy. According to the phase diagram, the 
equilibrium volume fraction of the Θ-phase, calculated using 
the lever rule, is approximately 5.6 % at room temperature 
and 5.2 % at 300°C [9].

	             a				    b

Fig.  1.  Typical TEM images of second-phase precipitates in the model 
Al-3 %Cu alloy: after homogenization (a); after homogenization and 
subsequent quenching from 300°C (b).
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3.2. Microstructural evolution in the model 
Al-3 %Cu alloy

The microstructural development in the Al-3 %Cu alloy 
during ECAP at 300°C exhibited a marked strain dependence, 
characterized by the formation and evolution of pronounced 
strain localization phenomena. After the initial passes 
(to a strain of e ≈1– 4), the initial equiaxed grain structure 
transformed into a microstructure of grains elongated and 
progressively aligned with the PD, as revealed by optical 
microscopy (Fig. 2 a – c).

Within these grains, significant local lattice rotations and 
distortions were observed, with misorientations sometimes 
exceeding 2° per 1– 2 μm (Fig. 3 a, b). These distortion angles 
are indicative of the high dislocation density (typically 
on the order of 1013 to 1014 m−2) introduced by SPD [17]. 
Concurrently, heterogeneous deformation bands developed 
as an early manifestation of strain localization. These bands, 
with lengths exceeding 400 μm and widths varying between 
6 and 40 μm, became a defining feature of the microstructure.

EBSD analysis (IPF map) of the sample deformed to 
e =1 (Fig. 4 a) showed that in some grains, these bands were 
delineated by segments of MABs and HABs. The pole figures 
corresponding to points a – d in Fig. 4 b illustrate a significant 
crystallographic reorientation inside the bands compared to 

the surrounding matrix. The matrix orientation remained 
relatively stable, while the lattice within the bands underwent 
a pronounced rotation of approximately 10 –15°, resulting in 
a new orientation common to all bands.

This misorientation evolution was quantified along an 
arbitrary transect, T1, in Fig. 5 a. The profile showed a sharp 
increase in both point-to-point (Δθ) and cumulative point-
to-origin (ΣΔθ) misorientation, reaching up to 15° over a 
distance of less than 10 μm. These findings confirm the role of 
such features as precursors to new high-angle boundaries. The 
characteristic step-like misorientation profiles with alternating 
cumulative misorientations are typical of microshear bands, 
which are frequently reported in aluminum alloys subjected 
to SPD [6, 8,10,11,18,19]. Additional strain heterogeneity was 
revealed by the formation of new orientations near original 
grain boundaries (point e, Fig. 4 a).

In contrast, other grains exhibited a more uniform 
deformation structure composed primarily of LABs, with 
only isolated MABs (e. g., points f and g, Fig.  4 a). The 
misorientation profile along line T2 (Fig.  5 b) for such 
regions showed frequent, small fluctuations in both Δθ and 
ΣΔθ, which is characteristic of a developing, dynamically 
equilibrated subgrain structure [7, 8,10 –13].

It is important to note that, unlike a dynamically 
equilibrated subgrain structure  — which is incidental by 

	            a				      b			            c				    d
Fig.  2.  Optical micrographs of the Al-3 %Cu alloy after ECAP at 300°C to various strains: e =1 (a), e = 2 (b), e = 4 (c), e =12 (d). Hereafter, PD 
denotes the pressing direction; ND is the normal direction; SD is the main shear direction in ECAP.

		     a				                   b					             c
Fig.  3.  Typical EBSD maps illustrating the deformation − subgrain − recrystallization microstructure developed in the Al-3 %Cu alloy during 
ECAP at T = 300°C to: e =1 (a), e = 2 (b), e = 8 (c).
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nature (i. e., it can form and be destroyed at comparable rates 
during the steady state of plastic flow [11–13]) — microshear 
bands represent permanent structural elements [5,10,18 – 20]. 
Consequently, once formed, they persist and continue to 
accommodate strain during subsequent deformation passes.

With increasing strain (e = 2 – 4), the number and density 
of microshear bands increased significantly. The original 
grains, now containing these bands, became increasingly 

aligned along the PD, forming a microstructure of 
alternating fibers delineated by HABs and MABs (Fig. 2 b, c). 
Concurrently, new microshear bands developed during each 
pass, aligning with the shear direction (SD) and intersecting 
the pre-existing deformed structure. This intersection led to 
the progressive fragmentation of the original grains.

At strains of e = 4 – 8, EBSD maps (Fig. 3 c, 6 a, b) revealed 
the emergence of new, finer crystallites, particularly in regions 

		             a						                        b
Fig.  4.  Microstructure of the Al-3 %Cu alloy after ECAP at 300°C to e =1: Inverse pole figure (IPF) map showing the distribution of grain and 
subgrain structures (a); Direct pole figures showing crystallographic orientations at points a through g marked in (a) (b).

			         a						           	        b
Fig.  5.  Point-to-point (Δθ) and point-to-origin (ΣΔθ) misorientation changes along the lines T1 (a) and T2 (b) indicated in Fig. 4.

			   a				                   b				              c
Fig.  6.  Typical IPF-EBSD maps of the microstructure developed in the Al-3 %Cu alloy during ECAP at 300°C to: e = 4 (a), e = 8 (b), e =12 (c).
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with a high density of band intersections. The formation of 
these crystallites was accompanied by an increase in the 
number and height of peaks in the misorientation profiles 
(Fig. 7 a, b), measured along transects T3 and T4 in Fig.  6 a and b. 
Therewith, the misorientation Δθ reached values exceeding 
15 – 20°. This suggests that the boundaries of the microshear 
bands underwent a continuous increase in misorientation, 
progressively transitioning from MABs to HABs.

After 12 passes (e ≈12), a partially refined microstructure 
was observed (Fig.  2 d). Although remnants of the original 
deformed structure were still present, a fraction of new 
fine grains had formed throughout the material. The 
corresponding EBSD analysis (Fig.  6 c) revealed a final 
microstructure consisting of an UFG matrix with arrays 
of MABs and HABs, intersected by the measurement line 
T5 (see Fig.  7 c). The average crystallite size was as high as 
approximately 6.0 μm with the volume fraction of new grains 
of about 40–50%.

Figure 8 shows the misorientation distribution spectra 
(i. e., the relative fractions of LABs, MABs, and HABs) for the 
Al-3 %Cu alloy after ECAP to different strains, along with the 
corresponding average misorientation angles (θave) and HAB 
fractions (fHABs). At low strains (e =1– 2), the misorientation 
distribution was typical for structures formed by low-
temperature SPD of cubic metals [5, 6,19]. The spectrum 
was dominated by LABs, with a significant population 
of strain-induced MABs. These MABs correspond to the 
deformation / microshear band boundaries described in the 
previous sections. With further straining to e > 4, the HAB 
fraction increased substantially, reaching approximately 
45 %. This increase is attributed primarily to the continuous 
transformation of MABs into HABs and the formation of 
new fine grains [12].

The X-ray diffraction patterns (Fig.  9 a – d) corroborate 
these findings. With increasing strain, the development of 
more continuous diffraction rings in the azimuthal direction, 
along with significant peak broadening, is consistent with the 
formation of a finer, more misoriented grain structure and 
the accumulation of lattice strains.

In summary, grain refinement in the Al-3 %Cu alloy 
during high-temperature ECAP occurred via mechanisms 
akin to cDRX [8,10 –13,18]. This process involves the 
formation of a deformation substructure with LABs and 
MABs (e. g., microshear band boundaries) and its subsequent 

in-situ transformation into new grain boundaries, absent a 
significant grain growth stage. Crucially, this refinement 
pathway remained effective even under conditions of intense 
dynamic recovery, underscoring the robustness of the 
microshear banding mechanism.

As evidenced by the prevalence of dark and gray regions 
in the SEM-EBSD maps (Fig. 3), corresponding to areas of 
high lattice distortion and subgrain structures, the material 
retained a significant density of dislocations throughout the 
ECAP process. Thus, this accumulated stored strain energy 
provided the essential thermodynamic driving force for the 
formation of new grain boundaries via the cDRX mechanism. 

		           a				                       b				                c
Fig.  7.  The Δθ and ΣΔθ misorientation changes along the lines T3 (a), T4 (b) and T5 (c) indicated in Fig. 6.

Fig.  8.  Misorientation distributions of intercrystallite boundaries 
developed in the alloy Al-3 %Cu during ECAP at T = 300°C.
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However, the high processing temperature also enhanced the 
rates of static recovery and recrystallization [9, 21], which 
acted to reduce the stored energy. It is estimated that up to 
90 % of the total processing time was effectively a static anneal 
at high temperature [9]. This occurred for two reasons: first, 
the workpiece could not be cooled immediately after leaving 
the deformation zone, meaning it remained hot in the output 
channel; second, static processes occurred during the heating 
and holding stages prior to each subsequent pass.

Thus, at elevated temperature, static softening processes 
became highly competitive with dynamic ones. Nevertheless, 
as shown in Fig. 3, the fraction of statically recrystallized grains 
(featured by white areas) remained limited, not exceeding 
10 –15 % even after e = 8. One of key factors contributing to 
the accumulation of defects and the thermal stabilization 
of the microstructure was the presence of second-phase 
particles, which will be discussed in the following sections.

4. Discussion

4.1. Predominant grain refinement mechanism: 
cDRX via microshear banding

The present results, consistent with previous detailed 
studies on the same model alloy under similar warm ECAP 
conditions [10,15], demonstrate that the fundamental 
mechanism of grain refinement is cDRX. As mentioned 
above, this process is characterized by the in-situ 
transformation of deformation-induced boundaries into 
new high-angle boundaries without the growth stage typical 
of discontinuous recrystallization [12].

The key structural element driving cDRX in the Al-3 %Cu 
alloy is the microshear band [10,11,18,19, 22 – 24]. As shown in 
Sections 3.2, microshear bands act as permanent deformation 
features that accumulate strain over successive ECAP passes. 
Their boundaries, initially of low- to medium-angle character, 
undergo a continuous increase in misorientation due to the 
accumulation of dislocations, eventually transitioning into 
HABs that delineate new fine grains. This is evidenced by the 
progressive increase in both the average misorientation angle 

(θave) and the HAB fraction (fHABs) with strain (Fig. 8). A critical 
aspect of this mechanism is the intersection of microshear 
bands developed in different passes. The most significant 
lattice rotations occur precisely at these intersections, making 
them the predominant sites for the nucleation of new grains 
[10, 22, 23]. With further straining, new ultrafine grains form 
first at these intersections, followed by their development 
along the interiors of the bands.

4.2. The transition from cold to hot deformation 
structure

The processing temperature of 300°C (0.6Tm) in the present 
study is higher than the typical “warm” range (150°C, 
≈0.5Tm) described in [10]. This leads to an important 
observation regarding the competition between different 
types of deformation structures.

At 150°C, the early stages of ECAP are characterized 
by well-developed dislocation structures typical of “cold” 
deformation, such as cell blocks and microshear bands 
[5, 6,10, 20]. In this study at 300°C, the formation of a 
more homogeneous, dynamically equilibrated subgrain 
structure is more pronounced, which is characteristic of 
“hot” deformation [10,13, 22]. However, even under these 
conditions of enhanced dynamic recovery, the mechanism of 
microshear banding persists. This indicates that microshear 
banding is a robust, athermally activated mechanism [8] that 
can operate effectively even when competing against intense 
recovery processes. The final, partially refined microstructure 
observed in this study after 12 passes (≈6.0 μm) is coarser than 
the UFG structure achieved at 150°C after 8 passes (≈1.2 μm) 
[10], highlighting the limiting effect of higher temperature on 
the kinetics and efficiency of grain refinement.

4.3. The dual role of second-phase θ (Al2Cu) 
precipitates

The θ-phase precipitates in the model alloy play a complex 
and dual role in the structure evolution, critically controlling 
the balance between grain refinement and recovery:

	           a				      b			              c				    d
Fig.  9.  X-ray diffraction patterns of the alloy Al-3 %Cu after ECAP at 300°C: e =1 (a), e = 2 (b), e = 4 (c) and e =12 (d).
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(i) stabilization of the deformation microstructure. The 
precipitates interact with dislocations and (sub)grain boundaries, 
pinning these defects and restricting long-range dislocation 
rearrangement / annihilation and boundary migration [10,14]. 
This pinning is crucial for stabilizing the deformation-induced 
boundaries of microshear bands against complete recovery, 
thereby allowing them to accumulate dislocations and 
progressively increase their misorientation towards high-angle 
boundaries. They provide essential dislocation pinning as well as 
a Zener drag force on intercrystallite interfaces, which retains the 
stored strain energy and enables the cDRX process to proceed.

(ii) control of structure transformation toward a more 
equilibrium state. It should be noted that the boundaries 
of deformation / microshear bands are initially rather 
non-equilibrium and diffuse interfaces [10, 22]. Thus, the 
occurrence of dynamic recovery at a certain rate is required 
to release the internal stresses evolved by plastic working and 
promote dislocation rearrangement within the microshear 
bands, resulting in the formation of well-defined grain 
boundaries [22]. Simultaneously, the precipitates influence 
these recovery processes [14, 22]. During ECAP at elevated 
temperature, the fine Al2Cu precipitates coarsen (e. g., 
from ≈15  nm to ≈35  nm at 150°C [10]). This coarsening 
facilitates short-range dislocation rearrangement within 
cell / microshear band boundaries. While this reduces the 
overall stored energy, it also aids the transformation of diffuse 
dislocation boundaries into more equilibrium (sub)grain 
structures, which is a necessary step in the cDRX mechanism.

Thus, the θ-phase precipitates are essential participants in 
the microstructural evolution. Their role is based on a trade-
off: they primarily stabilize the deformation structure to 
enable cumulative misorientation accumulation, while their 
secondary, coarsening-induced effect is to facilitate the local 
reorganization of dislocations, contributing to the formation 
of more defined grain boundaries. This dual role supports the 
cDRX process, even if it proceeds at a slower rate compared to 
the dispersion-strengthened alloy, as will be shown in Part II.

4.4. Competition between dynamic and static 
softening processes

The present ECAP processing at 300°C, which included 
inter-pass heating and holding, created conditions favorable 
for static recovery and recrystallization [9, 21]. Despite these 
conditions, the fraction of statically recrystallized grains 
remained low (<15 %, Fig. 3). This indicates that the θ-phase 
precipitation structure was effective in stabilizing the 
deformation microstructure [14] against static restoration 
processes during the inter-pass anneals.

The higher processing temperature in our study (300°C 
vs. 150°C in [10]) undoubtedly intensified this competition. 
Nevertheless, the dynamic refinement process dominated, 
underscoring the stability provided by the second-phase 
particles and the persistence of the microshear banding 
mechanism.

5. Conclusions

1.	 Grain refinement in the model Al-3 %Cu alloy during 
ECAP at 300°C occurs via the mechanism of cDRX, primarily 

driven by the formation, intersection, and progressive 
increase in boundary misorientation of microshear bands.

2.	 The refinement kinetics at 300°C are slower, and 
the final microstructure is coarser (≈6.0  μm) compared to 
processing at lower temperatures (e. g., ≈1.2  μm at 150°C), 
due to the enhanced role of dynamic recovery.

3.	 The θ-phase (Al2Cu) precipitates play a decisive dual 
role, enabling the cDRX process: they stabilize deformation-
induced structures via dislocation pinning and Zener drag, 
while they simultaneously control short-range dislocation 
rearrangement, aiding the formation of a more equilibrium 
(sub)grain structure.

4.	 The presence of second-phase particles effectively 
stabilizes the deformation microstructure against static 
softening during inter-pass annealing, ensuring that dynamic 
refinement processes dominate.

5.	 The study establishes the microshear band-driven 
cDRX as a fundamental grain refinement mechanism 
in model Al-Cu alloys, providing a critical baseline for 
understanding the additional acceleration effects provided by 
dispersoids in commercial alloys (Part II).
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