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Abstract

This study presents a comprehensive bibliometric analysis of research on 2xxx series
aluminum-copper (Al-Cu) alloys published between 2020 and 2025. A complete analysis
of 4380 documents from 747 sources indexed in Scopus reveals sustained research growth,
with publications rising from 603 in 2020 to 948 in 2025 at a compound annual growth rate
of 9.5%. China dominates global output, contributing 35.7% of publications with Central
South University as the leading institution (548 articles). However, China’s international
collaboration rate (12.2%) remains notably lower than Western counterparts such as the
United Kingdom (62.5%) and Canada (53.2%). Core journals including the Journal of
Alloys and Compounds, Materials Science and Engineering: A, and Journal of Materials
Research and Technology collectively account for 11.4% of total publications, conforming
to Bradford’s Law concentration patterns. Keyword co-occurrence analysis revealed five
distinct thematic clusters centered on microstructure—property relationships, friction stir
welding and joining technologies, corrosion mechanisms, Al-Cu-Li aerospace alloys, and
additive manufacturing. While life cycle modeling (K = 5993; tm = 2022.84) indicates the
field is approaching maturity, by identifying emerging frontiers such as machine learning-
assisted alloy design, sustainable processing routes, and multi-material joining for electric
vehicles, this study offers researchers a quantitative roadmap of the Al-Cu alloy knowledge
landscape and highlights strategic opportunities for future investigation.

Keywords: bibliometric analysis; 2xxx aluminum alloys; Al-Cu alloys; research trends;
science mapping; co-authorship networks; keyword co-occurrence; materials science

1. Introduction

The 2xxx series Al-Cu alloys are a family of age-hardenable aluminum alloys of
technological relevance. They are known for their strength-to-weight ratios, fatigue re-
sistance, and machinability. These alloys, which include copper as the main element
(usually 2-6 wt%), show good mechanical properties because of precipitation hardening
mechanisms involving 8’ (Al,Cu) and related metastable phases [1,2]. Since their ini-
tial development as “duralumin” in the early 20th century, Al-Cu alloys have remained
indispensable in aerospace structures, automotive components, and high-performance
engineering applications. However, modern alloy design strategies now seek to expand the
property portfolio of these materials to meet contemporary lightweighting demands [3].
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The strategic importance of 2xxx alloys continues to expand in the context of contem-
porary industrial challenges. The aerospace sector’s drive toward fuel efficiency demands
lightweight structural materials with enhanced damage tolerance, requiring advanced an-
odizing treatments [4] and fundamental understanding of dealloying-driven corrosion mech-
anisms at intermetallic constituent particles [5]. The automotive industry’s electrification
transition needs alloys that meet crash performance standards while reducing vehicle mass.
Furthermore, emerging fabrication processes, particularly additive manufacturing (AM) and
friction stir welding (FSW), have stimulated renewed research interest in understanding and
optimizing Al-Cu alloy behavior under non-equilibrium processing conditions [6-8].

Recent advances in wire arc additive manufacturing (WAAM) and selective laser melt-
ing (SLM) have enabled the fabrication of complex Al-Cu alloy parts with enhanced me-
chanical properties [9,10]. Notably, laser-TIG hybrid additive manufacturing has achieved
mechanical properties exceeding those of conventional SLM and arc-based methods [10].
However, challenges related to hot cracking susceptibility and microstructural control
continue to drive intensive research efforts [7]. Concurrently, friction stir welding has
emerged as a transformative joining technology for aluminum alloys, with cryogenic
variants demonstrating enhanced joint properties in dissimilar material combinations [8].
The corrosion behavior of Al-Cu alloys, particularly intergranular corrosion associated
with intermetallic constituent particles, remains an active research frontier with significant
implications for aerospace applications, as evidenced by studies on precipitation-driven
corrosion mechanisms in FSW joints [5,11].

A significant body of recent literature has focused on overcoming the traditional pro-
cessability and durability limitations of Al-Cu alloys through advanced manufacturing and
surface engineering. In the domain of AM, reviews by Shams et al. [12] and Farias et al. [13]
highlight the critical role of process parameter optimization and hybrid techniques, such
as directed energy deposition (DED) combined with interlayer mechanical deformation,
in refining grain structures and mitigating cracking in high-strength aluminum alloys.
Rodriguez-Gonzélez et al. [14] further emphasize the specific challenges of WAAM for
Al-Li alloys, noting the necessity of specialized wire compositions to control anisotropy and
defects. Specific to solidification cracking, Wu et al. [15] provided a comprehensive review
of scandium microalloying in Al-Cu alloys, demonstrating its effectiveness in forming
coherent dispersoids that refine grains and enhance thermal stability.

For Al-Cu-Li alloys specifically, significant advances have been made in understand-
ing precipitation behavior and property optimization. Wang et al. [16] conducted quan-
titative analysis of pre-treatment influences on microstructure evolution and mechanical
properties during artificial aging of Al-Cu-Li-Mg—-Ag alloys. Chen et al. [17] systematically
studied heat treatment effects on microstructure and mechanical properties of extruded
2196 Al-Cu-Li alloy, while subsequent work revealed the texture and mechanical property
anisotropy development [18]. The effect of Ag addition on age hardening and precipitation
behavior in Al-Cu-Li-Mg-Zn-Mn-Zr alloys has been elucidated [19], and innovative
two-step homogenization approaches for AlsZr precipitation have improved recrystal-
lization resistance [20]. Ma et al. [21] discovered a novel GP-Li precursor and correlated
precipitation behaviors in Al-Cu-Li alloys with different Cu/Li ratios.

Parallel to manufacturing advances, novel characterization and joining techniques
have emerged. Chawla et al. [22] reviewed the capabilities of 4D X-ray microcomputed
tomography, a technique enabling time-resolved observation of dynamic material pro-
cesses including corrosion fatigue and deformation mechanisms in Al alloys, with specific
applications demonstrated for nanoscale deformation in Al-Cu systems. In the field of
joining, Liu et al. [23] studied the FSW of fully annealed Al-Cu-Li alloys, reporting that
solid solution strengthening and dynamic recrystallization in the nugget zone consider-
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ably influence tensile properties and joint hardness. Furthermore, Kou et al. [24] utilized
in-situ micro-digital image correlation to elucidate damage evolution in 2195 Al-Li alloys,
revealing that particle size and shape govern strain localization and fracture mechanisms.

Enhancing the environmental durability of these alloys remains a priority. Compre-
hensive reviews by Chen et al. [25] and Cui et al. [26] discuss strategies for improving inter-
granular corrosion resistance and high-temperature mechanical performance, respectively,
pointing to grain boundary engineering and microalloying as key pathways. Ma et al. [27]
fabricated enhanced active corrosion protection coatings incorporating mesoporous SiOp
nanoparticles with benzotriazole and 2-mercaptobenzothiazole inhibitors for AA2024-T3.
Li et al. [28] developed self-healing epoxy coatings based on tung oil-containing microcap-
sules for corrosion protection applications. Regarding surface treatments, Gamba et al. [29]
reviewed plasma electrolytic oxidation (PEO) for AA2024, noting its potential to replace
environmentally hazardous processes while providing superior wear and corrosion re-
sistance. Additionally, Caseri and Niederberger [30] proposed next-generation organic
coatings based on poly(phenylene methylene) (PPM), which offer recyclable, self-healing,
and fluorescent properties for easier inspection of aerospace components. Dagdag et al. [31]
demonstrated epoxy coating formulations as effective anti-corrosive polymeric materials
for multiple aluminum alloy substrates including 2024-T3, 5086, and 7075-Té6.

The integration of machine learning and artificial intelligence into Al-Cu alloy research
represents an emerging frontier. Adithiyaa et al. [32] demonstrated optimal prediction of
process parameters using GWO-KNN algorithms for stirring-squeeze casting of AA2219 rein-
forced metal matrix composites. Mortazavi and Ince [33] developed artificial neural network
modeling approaches for short and long fatigue crack propagation prediction. Jiang et al. [34]
created a precise Deep Potential model for the Al-Cu-Mg alloy system in full concentra-
tion space, combining first-principles accuracy with empirical potential efficiency. These
data-driven approaches are increasingly complementing traditional experimental methods.

Despite the extensive body of research on Al-Cu alloys, evidenced by recent broad
technical reviews on performance enhancement of composites [35,36] and additive man-
ufacturing processes for 2xxx series Al-Cu alloys [37,38], no comprehensive bibliometric
mapping of this knowledge domain has been conducted for the recent period (2020-2025).
Qualitative surveys work well for summarizing sub-topics like FSW or precipitation hard-
ening, but they do not have the necessary statistics to show overall collaboration networks
and publication rates. The bibliometric analysis gives a way to systematically and quan-
titatively assess the research output. It pinpoints key studies, charts collaboration, and
spots new trends. This kind of analysis helps locate research voids, see how productive
different places and institutions are, and plan research strategies. The current analysis
explores the publication trends and growth in 2xxx series Al-Cu alloy research over time,
which countries, institutions, and authors are most productive and influential, the main
journals publishing in this area, the main topics and new research areas right now, and
how international collaborations shape the global research effort. The principal contri-
bution of this study is a comprehensive, quantitative synthesis of the latest (2020-2025)
stage of Al-Cu alloy research, providing the first systematic, temporally resolved map-
ping of the 2xxx series during the current transition toward additive manufacturing and
sustainable processing. While bibliometric and quantitative mapping approaches have
been applied to additive manufacturing (AM) of superalloys [39] and to process-level
optimization in AM [40,41], existing Al-alloy reviews focus qualitatively on laser powder
bed fusion [42], high-temperature alloy development [43], or sustainability in aluminum
AM more broadly [44], without a dedicated, time-resolved bibliometric analysis of 2xxx
(Al-Cu) alloys. No prior study has combined life cycle modeling, thematic clustering, and
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international collaboration network analysis to map the evolving research landscape of this
specific alloy type.

This work aims to give a full quantitative view of Al-Cu alloy research. It will locate
the most important publications and topics, map how research subjects have changed over
time, and suggest future research paths. Using bibliometric methods like Bradford’s Law,
Lotka’s Law, co-word analysis, and network visualization, this study gives a structured
look that can help researchers entering the field and funding groups deciding where to put
money in materials science.

2. Materials and Methods
2.1. Data Source and Search Strategy

The Scopus database (Elsevier) was selected as the bibliographic source for this study
due to its comprehensive coverage of materials science literature, high-quality indexing,
and standardized metadata structure. This selection aligns with current standards in
scientometric analysis; Moral-Munoz et al. [45] identify Scopus and Web of Science as
the primary benchmarks for rigorous analysis, specifically noting Scopus’s broad subject
coverage and superior data export options. Furthermore, Martin-Martin et al. [46] demon-
strate that Scopus possesses strong coverage of highly cited documents across disciplines,
performing robustly when compared to Web of Science and Google Scholar.

In the specific context of materials science, Alviz-Meza et al. [47] treat Scopus as a
core source for bibliometric data, as evidenced by their analysis of materials science within
Industry 4.0. While methodologies for merging databases exist, Caputo and Kargina [48]
emphasize that many bibliometric studies rely effectively on a single database, and that
workflows are often optimized for Scopus metadata formats. Consequently, Scopus is
widely recognized as a comprehensive standalone source for large-scale, topic-focused
bibliometric studies, a methodology supported by Omotehinwa [49] in their extensive
30-year analysis of scheduling algorithms.

The data retrieval was conducted on 9 December 2025, covering the publication period
from 2020 to 2025 (inclusive). To ensure the retrieval of documents specifically relevant to 2xxx
series aluminum alloys while minimizing false positives, a complex search string was developed.
The query targeted the title, abstract, and keywords fields, employing a combination of specific
alloy designations (e.g., AA2024, AA2219) and general family descriptors.

The exact search query employed was as follows:

e  Primary Inclusion: TITLE-ABS-KEY ((“2xxx” OR “2XXX” OR “Al-Cu alloy*” OR “Al-
Cu-Mg alloy*” OR “Al-Cu-Li alloy*” OR “aluminum-copper alloy*” OR “aluminium-
copper alloy*” OR “duralumin”) OR (“AA2010” OR “AA2011” OR “AA2014” OR
“AA2017” OR “AA2018” OR “AA2024” OR “AA2025” OR “AA2036” OR “AA2090” OR
“AA2117” OR “AA2124” OR “AA2218” OR “AA2219” OR “AA2224” OR “AA2618”)
OR (“alloy 2010” OR “alloy 2011” OR “alloy 2014” OR “alloy 2017” OR “alloy 2018”
OR “alloy 2024” OR “alloy 2025” OR “alloy 2036” OR “alloy 2090” OR “alloy 2117”
OR “alloy 2124” OR “alloy 2218” OR “alloy 2219” OR “alloy 2224” OR “alloy 2618"))

e  Temporal Constraint: AND PUBYEAR > 2019 AND PUBYEAR < 2026

e  Exclusion Criteria: AND NOT TITLE-ABS-KEY (“high entropy” OR “high-entropy”
OR “HEA” OR “MPEA” OR “superalloy*” OR “Co-Ni” OR “shape memory” OR “bulk
metallic glass” OR “BMG” OR “amorphous alloy*” OR “Ti AIC” OR “TizAlC,” OR
“MAX phase” OR “copper tube*” OR “quasicrystal*” OR “Al-Si alloy*” OR “AlSijgMg”
OR “A356” OR “A380” OR “phase change material*” OR “thermal energy storage”
OR “memristor” OR “meteorite” OR “Zn-Al-Cu” OR “Cu-Al-Ni” OR “CuAl” OR
“Mg-Al-Zn").
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Strict exclusion terms were applied to eliminate cross-contamination from unrelated
material systems. These exclusions specifically targeted high-entropy alloys (HEAs),
aluminum-silicon casting alloys (e.g., AlSijoMg, A356), bulk metallic glasses, MAX phases,
and functional materials such as phase change materials and memristors, which often
appear in broad searches for aluminum or copper compounds.

2.2. Data Processing and Analysis

The retrieved bibliographic records were exported in Comma-Separated Values (CSV)
and Excel formats, comprising comprehensive metadata fields including author details
(names, IDs, affiliations), bibliographic data (source title, volume, issue, DOI), content
descriptors (abstract, author and index keywords), and citation metrics.

Data analysis was performed using Bibliometrix (version 5.0), an open-source R-tool
specifically designed for comprehensive science mapping analysis [50]. The Biblioshiny
web interface was employed for interactive visualization and data exploration [51,52].
Additionally, custom data visualizations for Figures 1, 2, 3, 4, 5, 6, 7 and 8b were generated
using Python 3.9 with the matplotlib and NumPy 2.0.2 libraries, using the processed
bibliometric data exported from Biblioshiny. The word cloud visualization (Figure 8a)
was produced directly within the Biblioshiny interface. Prior to analysis, data cleaning
procedures were executed to harmonize the dataset, which included:

e Standardization of author names to resolve homonyms (different authors sharing the
same name) and synonyms (the same author listed under different name variants).
This was accomplished by cross-referencing Scopus Author IDs and manually veri-
fying ambiguous cases to ensure that each unique researcher was represented by a
single standardized entry.

e  Unification of institutional affiliations, whereby abbreviated and full forms of the same
institution were merged into a single record (e.g., merging “Univ.” and “University”).
This step prevented artificial fragmentation of publication counts across nominally
identical institutions.

e Consolidation of keyword variants, in which semantically equivalent terms were
grouped under a single representative keyword (e.g., “additive manufacturing” and
“3D printing”). This harmonization ensured accurate frequency counts and meaningful
cluster detection in the subsequent co-occurrence analysis.

The analytical framework was structured into three distinct layers:

1.  Performance Analysis: This included the calculation of total publication counts,
citation metrics (TC), and annual growth rates to assess the field’s trajectory.

2. Productivity and Source Analysis: Lotka’s Law was applied to evaluate author pro-
ductivity distributions, while Bradford’s Law was utilized to identify the core journals
disseminating knowledge in this domain [53].

3.  Science Mapping: This phase involved:

o  Geographic and Institutional Mapping: To visualize the distribution of research
output [54].

o Keyword Co-occurrence Analysis: Utilized with Louvain clustering algorithms
to detect major research themes [55].

o Thematic Mapping: Employed strategic diagrams (centrality vs. density) to
classify themes as basic, motor, niche, or declining.

o  Collaboration Network Analysis: To visualize international research partnerships.

Finally, life cycle modeling was performed using a logistic growth function to quanti-
tatively assess the maturity stage of Al-Cu alloy research within the studied period.
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Figure 1. Annual scientific production (2020-2025) showing article counts (bars) and cumulative
publications (line).
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Figure 2. Top 15 most productive sources with Bradford’s Law zone classification.
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3. Results

3.1. Dataset Overview and Main Information

The search strategy retrieved 4380 documents published across 747 sources between

2020 and 2025. Table 1 summarizes the main characteristics of the dataset. The corpus

includes 3755 articles (85.7%), 482 conference papers (11.0%), 66 book chapters, 49 reviews,

and other document types. The average document age is 3.22 years, reflecting the contem-

porary focus of the analysis period.

A total of 9896 unique authors contributed to the literature, with an average of

5.03 co-authors per document. Single-authored documents (81 total, 1.8%) are relatively

rare, indicating the predominantly collaborative nature of materials science research. The

international co-authorship rate of 19.45% suggests moderate but not extensive cross-border

collaboration. The dataset contains 8620 author keywords and 16,482 Keywords Plus en-

tries, providing a rich vocabulary for thematic analysis. With an average of 10.66 citations
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per document, the corpus demonstrates substantial scholarly impact within the materials
science community.

Table 1. Main information about the bibliometric dataset.

Description Results
Timespan 2020-2025
Sources (journals, books, etc.) 747
Documents 4380
Average citations per document 10.66
Document average age (years) 3.22
Keywords Plus (ID) 16,482
Author’s Keywords (DE) 8620
Authors 9896
Single-authored documents 81
Co-authors per document 5.03
International co-authorships (%) 19.45

3.2. Annual Scientific Production and Life Cycle Analysis

The temporal distribution of publications reveals a consistent upward trend through-
out the analysis period (Figure 1). Annual output increased steadily from 603 documents in
2020 to 948 in 2025, representing growth of 57.2% over the five-year period. The year 2024
marked a notable acceleration with 855 publications, followed by continued expansion to
948 publications in 2025. This sustained growth trajectory indicates robust and expanding
research interest in Al-Cu alloys.

Table 2 presents annual publication counts alongside citation performance metrics.
Mean total citations per article decrease progressively from 20.37 (2020) to 1.62 (2025),
which reflects the expected citation accumulation pattern whereby older publications have
had more time to accrue citations. The normalized mean citations per year remain relatively
stable across the period, ranging from 2.88 (2024) to 3.77 (2021), suggesting consistent
research quality and impact regardless of publication year.

Table 2. Annual scientific production and citation performance.

Year Articles Mean TC/Art Mean TC/Year  Citable Years
2020 603 20.37 3.40 6

2021 622 18.84 3.77 5

2022 680 14.21 3.55 4

2023 672 9.77 3.26 3

2024 855 5.76 2.88 2

2025 948 1.62 1.62 1

Total 4380 10.66 (avg) 2.97 (avg) —

(TC = Total Citations).

Life cycle analysis using a logistic growth model yielded parameter estimates of
K =5992.75 (carrying capacity), tm = 2022.84 (inflection point, corresponding to late 2022),
and 4t = 8.10 years (characteristic time). These parameters indicate that the field reached
its maximum growth rate in late 2022 and is currently transitioning from exponential
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growth toward saturation. The model predicts asymptotic stabilization at approximately
5993 cumulative publications, suggesting the field is approaching a mature state within its
current paradigmatic boundaries.

3.3. Source Analysis and Bradford's Law

The distribution of publications across sources reveals significant concentration in a
small number of high-impact outlets. Table 3 presents the top 15 most productive sources,
which collectively published 1451 articles (33.1% of the total corpus). The Journal of
Alloys and Compounds leads with 192 articles (4.38%), followed by Materials Science and
Engineering: A (175 articles) and Journal of Materials Research and Technology (133 articles,
3.04%). These three journals alone collectively account for 11.4% of total publications.

Table 3. Top 15 most productive sources.

Rank Source Articles Zone
1 Journal of Alloys and Compounds 192 1
2 Materials Science and Engineering: A 175 1
3 Journal of Materials Research and Technology 133 1
4 Materials 125 1
5 Journal of Materials Engineering and Performance 108 1
6 Materials Characterization 104 1
7 Materials Today: Proceedings 101 1
8 Metals 84 1
9 Materials Today Communications 70 1
10 Int. J. Advanced Manufacturing Technology 68 1
11 AIP Conference Proceedings 67 1
12 Lecture Notes in Mechanical Engineering 65 1
13 Surface and Coatings Technology 56 1
14 Journal of Physics: Conference Series 52 1
15 Materials and Design 51 2

The source distribution spans both traditional materials science journals and inter-
disciplinary outlets. Notably, conference proceedings (AIP Conference Proceedings with
67 articles; Journal of Physics: Conference Series with 52 articles; Lecture Notes in Me-
chanical Engineering with 65 articles) account for a substantial fraction of the top sources,
reflecting the importance of conference venues in disseminating Al-Cu alloy research.
Open-access journals such as Materials (125 articles) and Metals (84 articles) also feature
prominently, indicating growing adoption of open science practices in the field.

Bradford’s Law analysis partitions the 747 sources into three productivity zones of
approximately equal publication volume (Figure 2). Zone 1 (core) comprises 14 journals
accounting for approximately 34% of publications, Zone 2 (related) includes 78 journals
with 33%, and Zone 3 (peripheral) encompasses 655 sources with the remaining 33%. This
distribution conforms to Bradford’s bibliometric principle, wherein a small nucleus of
journals produces the bulk of substantive literature in a given field. Researchers seeking
maximum visibility for Al-Cu alloy research are advised to target Zone 1 journals, while
those exploring niche applications may find receptive outlets in Zone 2 and Zone 3 sources.
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3.4. Geographic Distribution and International Collaboration

The geographic distribution of Al-Cu alloy research reveals pronounced concentra-
tion in Asia, with China and India collectively accounting for over half of global output.
Table 4 presents the top 20 countries by corresponding author publications, distinguishing
between single-country publications (SCP) and multi-country publications (MCP). China
dominates global output with 1564 corresponding author articles (35.7%), followed by
India (707 articles, 16.1%) and Iran (146 articles, 3.3%). The United States (141 articles, 3.2%)
and Japan (92 articles, 2.1%) each contribute approximately 2-3% of total output, while
European nations including Germany (86 articles), France (60 articles), and the United
Kingdom (48 articles) collectively represent a significant but distributed research presence.
The stacked bar visualization in Figure 3 illustrates the absolute contribution of each coun-
try, with clear dominance by China and India. The data reveal that the top two countries
(China and India) together account for 52% of all corresponding authorships, while the
remaining 13 countries in the top 15 collectively contribute only 22.1%.

Table 4. Top 20 countries by corresponding author publications.

Rank Country Articles  Share (%) SCp MCP MCP %
1 CHINA 1564 35.7 1373 191 12.2
2 INDIA 707 16.1 637 70 9.9
3 IRAN 146 3.3 100 46 31.5
4 USA 141 3.2 114 27 19.1
5 JAPAN 92 2.1 75 17 18.5
6 TURKEY 92 2.1 87 5 54
7 GERMANY 86 2.0 56 30 349
8 BRAZIL 77 1.8 51 26 33.8
9 FRANCE 60 1.4 41 19 31.7
10 UNITED KINGDOM 48 1.1 18 30 62.5
11 CANADA 47 1.1 22 25 53.2
12 SPAIN 46 1.1 26 20 43.5
13 IRAQ 45 1.0 45 0 0.0
14 POLAND 45 1.0 39 6 13.3
15 KOREA 41 0.9 30 11 26.8
16 ITALY 40 0.9 30 10 25.0
17 ALGERIA 33 0.8 19 14 424
18 AUSTRALIA 33 0.8 15 18 54.5
19 SAUDI ARABIA 33 0.8 8 25 75.8

20 EGYPT 30 0.7 13 17 56.7

(SCP = Single Country Publications; MCP = Multiple Country Publications).

Notable disparities exist in international collaboration rates, as illustrated in Figure 4.
While the United Kingdom (62.5% MCP) and Canada (53.2% MCP) demonstrate highly
internationalized research profiles, the two most productive countries—China (12.2% MCP)
and India (9.9% MCP)—show predominantly domestic research production. This pattern
suggests that high-volume producers may rely primarily on domestic funding and collabo-
ration networks, whereas smaller research communities leverage international partnerships
to enhance capacity and visibility. Germany (34.9% MCP), Brazil (33.8% MCP), France
(31.7% MCP), and Iran (31.5% MCP) exhibit intermediate collaboration rates, balancing
domestic and international research activities. Turkey exhibits one of the lowest collabora-
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tion rates (5.4% MCP), while Iraq’s zero MCP indicates entirely domestic research activity
within the dataset.

3.5. Institutional Productivity

Analysis of institutional affiliations reveals exceptional concentration of research
activity at a small number of Chinese universities. Figure 5 visualizes the top 10 most
productive affiliations. Central South University (Changsha, China) leads substantially
with 548 articles (12.5% of the total corpus), demonstrating a remarkable concentration of
research activity.

The remaining top institutions are predominantly Chinese, including Harbin Institute
of Technology (108 articles), University of Science and Technology Beijing (106 articles),
and Shanghai Jiao Tong University (102 articles). The School of Materials Science and
Engineering (80 articles) likely represents an aggregated departmental affiliation across
multiple institutions. Northeastern University (77 articles), Schleswig-Holstein (76 articles),
Shandong University (69 articles), Chongqing University (68 articles) and GRINM—the
General Research Institute for Non-Ferrous Metals (62 articles)—round out the top 10. The
presence of Schleswig-Holstein (76 articles) is notable as the only non-Chinese entry in the
top 10, representing a regional research cluster in northern Germany.

3.6. Author Productivity and Lotka’s Law

Analysis of author productivity provides insights into the distribution of scholarly con-
tributions across the research community. A total of 9896 unique authors contributed to the
4380 documents in the corpus. As shown in Table 5, 6679 authors (67.5%) contributed only
one document, while 1508 authors (15.2%) contributed two documents. The number of au-
thors decreases progressively with increasing productivity: 601 authors (6.10%) contributed
three documents, 310 authors (3.10%) contributed four documents, and 185 authors (1.90%)
contributed five documents. A total of 613 authors (6.20%) contributed six or more doc-
uments, representing the most prolific researchers in the field. This distribution broadly
conforms to Lotka’s inverse square law, which predicts that the number of authors making
n contributions is proportional to 1/n%. Comparison of observed and theoretical distri-
butions (Figure 6) reveals reasonable agreement with minor deviations. The observed
proportion of single-document authors (67.50%) exceeds the theoretical prediction (61.50%),
while the proportion of highly prolific authors (>6 documents: 6.20% observed vs. 10.00%
theoretical) falls below expectations. These deviations suggest that Al-Cu alloy research
may have a higher proportion of occasional contributors, possibly from adjacent fields or
industry and a somewhat lower concentration of dedicated specialists than predicted by
classical bibliometric models.

Table 5. Author productivity distribution (Lotka’s Law).

Documents N. Authors Observed % Theoretical %
1 6679 67.50 61.50
2 1508 15.20 15.40
3 601 6.10 6.80
4 310 3.10 3.80
5 185 1.90 2.50
>6 613 6.20 10.00
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3.7. Most Cited Documents

Citation analysis identifies the most influential publications shaping the Al-Cu alloy
knowledge landscape. Figure 7 presents the ten most globally cited documents, ranked
by total citations (TC). The most cited work is Zhang et al. [6] published in Additive
Manufacturing with 248 total citations (TC/Year = 49.6), addressing defect formation
mechanisms in laser powder bed fusion of Al-Cu-Mg alloys. This high citation velocity
reflects the intense interest in additive manufacturing of aluminum alloys.

The second-ranked publication is Martinez-Viademonte et al. [4] on anodizing pro-
cesses for aerospace aluminum alloys (216 citations, TC/ Year = 36.0), published in Coatings.
Altiparmak et al. [7], reviewing challenges in additive manufacturing of high-strength
aluminum alloys in the International Journal of Lightweight Materials and Manufacture,
ranks third with 215 citations (TC/Year = 43.0).

3.8. Keyword Analysis and Thematic Structure

Figure 8 visualizes the 20 most frequent author keywords extracted from the corpus.
Figure 8a illustrates the relative frequency via a word cloud, and Figure 8b details the
precise values in a bar chart. The prominence of “aluminum alloys” (1995 occurrences),
“copper alloys” (969), “microstructure” (838), and “tensile strength” (802) reflects the
field’s emphasis on processing-structure-property relationships. “Binary alloys” (721) and
“ternary alloys” (693) indicate substantial attention to alloy system complexity, while “fric-
tion stir welding” (515) and “friction” (515) together indicate substantial research activity
in advanced joining technologies. Corrosion-related terms including “aluminum corrosion”
(559) and “corrosion resistance” (410) highlight the ongoing importance of environmental
durability research. The appearance of “lithium alloys” (474) signals significant attention
to third-generation aerospace alloys. The terms “magnesium alloys” (557) and “mechanical
properties” (551) further underscore the multi-element alloying and characterization focus.
Characterization methods are represented by “scanning electron microscopy” (445), while
fundamental metallurgical concepts appear through “precipitation” (389), “textures” (376),
and “grain boundaries” (336).

Keyword co-occurrence network analysis using Louvain clustering identified five
distinct thematic clusters: (1) a core cluster centered on aluminum alloys, microstruc-
ture, and mechanical properties, representing fundamental materials characterization;
(2) a processing cluster dominated by friction stir welding and related joining technolo-
gies; (3) a corrosion and surface engineering cluster addressing environmental durability;
(4) an Al-Cu-Li aerospace alloy cluster focusing on lithium-containing variants for weight-
critical applications; and (5) an additive manufacturing cluster featuring wire arc additive
manufacturing and laser powder bed fusion terminology.

Trend topic analysis reveals temporal evolution of research foci. Early period keywords
(2020-2021) emphasize “friction stir welding” and “microstructure evolution,” reflecting
established research themes. Later periods (2024-2025) show the emergence of “aluminum
copper alloys” and “property” as consolidated umbrella terms, suggesting increasing maturity
and synthesis of research themes as the field transitions toward paradigmatic stability.

4. Discussion
4.1. Research Growth and Field Maturity

The bibliometric data reveal a field characterized by sustained growth transitioning
toward maturity. The life cycle model parameters (K ~ 5993; tm ~ 2022.84; 5t ~ 8.1 years)
position Al-Cu alloy research in the post-inflection phase of its growth trajectory. This
interpretation aligns with the observation that most fundamental metallurgical principles
governing Al-Cu precipitation hardening are well-established, with contemporary research
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increasingly focused on optimization for specific applications rather than discovery of new
phenomena. From a practical standpoint, the post-inflection maturity phase implies that
future research gains are more likely to arise from cross-disciplinary innovation, such as the
integration of machine learning with experimental design, or the application of additive
manufacturing to alloy compositions previously considered unprocessable, rather than
from incremental refinements of well-established metallurgical relationships.

The approximately 57% increase in annual publications from 2020 to 2025 reflects
sustained industrial relevance, driven by several technological and economic factors. The
aerospace industry’s recovery from pandemic-related disruptions and expansion of next-
generation aircraft programs (including single-aisle replacement platforms) has maintained
demand for Al-Cu-Li and high-damage-tolerance 2xxx variants. Simultaneously, the
automotive sector’s electrification transition has created new requirements for aluminum
alloys combining high strength with formability and corrosion resistance, domains where
2xxx alloys compete with 5xxx and 6xxx alternatives. In comparative terms, 2xxx series
research occupies a distinct niche within the broader Al alloy landscape. The 6xxx series,
which dominates automotive extrusion and sheet applications, attracts a substantially larger
research volume centered on formability and age-hardening optimization during paint-bake
cycles [60,61]. The 7xxx series, which shares aerospace applications with 2xxx alloys, generates
comparable research intensity but with a stronger emphasis on stress corrosion cracking and
weldability limitations, especially in plate and welded structures [62,63]. By contrast, 2xxx
alloy research is distinguished by its concentrated focus on damage tolerance and fatigue crack
growth in friction stir welded joints [64,65], and more recently, on the additive manufacturing
processability of high-strength Al-Cu alloys within broader efforts to enable AM of 2xxx/7xxx
series while mitigating solidification cracking and defect formation [7,12].

4.2. Geographic Concentration and Knowledge Diffusion

The pronounced concentration of research output in China (35.7% of corresponding
authorships) represents a significant structural feature of the contemporary Al-Cu alloy
knowledge landscape. Central South University’s dominance (548 articles, 12.5% of total
corpus) is remarkable even by Chinese standards and reflects strategic institutional invest-
ment in light alloys research. This concentration raises questions regarding knowledge
diffusion pathways and potential implications for global technological competitiveness.

The disparity in international collaboration rates merits attention. China’s 12.2% MCP
rate contrasts sharply with the United Kingdom (62.5%) and Canada (53.2%), suggesting
different research models: a predominantly domestic, nationally-funded Chinese research
enterprise versus highly internationalized Western programs. This pattern may reflect
language barriers, funding structures favoring domestic collaboration, or strategic consid-
erations regarding sensitive aerospace materials. From a knowledge diffusion perspective,
lower international collaboration may limit cross-pollination of ideas and slow convergence
toward global best practices.

India’s position as the second-largest contributor (16.1%) with similarly low collabo-
ration rates (9.9% MCP) indicates another significant domestic research community. The
emergence of Iran as the third-largest contributor (3.3%) is notable given geopolitical
constraints on technology transfer, suggesting independent capability development in alu-
minum metallurgy. These collaboration disparities highlight opportunities for international
funding mechanisms, such as the EU Horizon Europe program, NSF international research
supplements, and bilateral science agreements, to incentivize cross-border research partner-
ships on Al-Cu alloy development, potentially accelerating knowledge transfer between
regions with complementary expertise in alloy design, processing, and characterization.
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4.3. Thematic Evolution and Research Frontiers

The following discussion highlights representative studies within each thematic cluster
to illustrate prevailing research directions; it is not intended as an exhaustive review of
the literature within any individual cluster. Keyword analysis and thematic mapping
reveal several distinct research trajectories. The persistent prominence of “friction stir
welding” (515 occurrences) reflects this technology’s transformative impact on aluminum
joining. FSW enables solid-state joining that avoids fusion welding defects in precipitation-
hardened alloys, and ongoing research addresses process optimization, tool design, and
dissimilar material joining.

Zhang et al. [66] systematically investigated the influence of tool rotational speed on local
microstructure, mechanical and corrosion behavior of dissimilar AA2024/7075 joints, while
Jabraeili et al. [67] elucidated the effect of FSW process parameters on dissimilar AA2024
Al alloy and 304 stainless steel joints. The development of friction stir tailor-welded blanks
of base matrix AA2024 using AA7075 interlayer compensation has demonstrated improved
strength and ductility combinations [68]. Advanced optimization using response surface
methodology has enabled systematic investigation of FSW process parameters for dissimilar
AA2014/AA6063 joints [69]. Post-weld heat treatment protocols have been developed to
optimize mechanical properties and fatigue crack growth rates in welded AA-2024 [70].

The emergence of additive manufacturing as a high-impact research front is evidenced
by the prominence of AM-related keywords and the high citation impact of publications
addressing laser powder bed fusion (LPBF) processing of Al-Cu alloys. The leading
cited work (Zhang et al., 2021 [66], 248 citations) specifically addresses defect forma-
tion in LPBE-processed Al-Cu-Mg, highlighting the challenges of adapting these alloys
to non-equilibrium solidification conditions. Hot cracking susceptibility, porosity con-
trol, and post-processing heat treatment optimization represent active research problems.
Li et al. [71] developed a systematic alloy design strategy exploiting the rapid solidification
potential of LPBF for high-strength, crack-free AI-Cu-Mg-Mn—Zr alloys. Bahl et al. [72]
characterized the aging behavior and strengthening mechanisms of coarsening-resistant
metastable 0" precipitates, demonstrating thermal stability after prolonged exposure at
elevated temperatures—a critical requirement for aerospace applications.

The Al-Cu-Li system maintains a distinct thematic cluster, reflecting continued aerospace
investment in third-generation lithium-containing alloys offering density reductions of approx-
imately 3% per weight percent lithium while maintaining or improving specific strength and
modulus. Research in this cluster addresses aging responses, texture evolution during thermo-
mechanical processing, and stress corrosion cracking resistance. Xu et al. [73] developed new
aging treatment methods combining pre-deformation with double aging processes to achieve
excellent yield strength (609 MPa) while maintaining 11.5% elongation. Wang et al. [74] in-
vestigated particle-stimulated nucleation and recrystallization texture initiated by coarsened
Al,CulLi phase (T1). Yang et al. [75] developed superhydrophobic and corrosion-resistant
layered double hydroxides coatings on AA2099-T83 Al-Cu-Li alloy as alternatives to conven-
tional anodizing. Heat treatment effects on mechanical property anisotropy of extruded 2196
Al-Cu-Li alloy have been systematically characterized [18].

Corrosion research represents a fourth major theme, with particular emphasis on
intergranular corrosion mechanisms related to grain boundary precipitation of 8-phase, pit-
ting initiation at constituent particles, and galvanic corrosion in multi-material assemblies.
Critical reviews on heat treatment of aluminum alloys have synthesized knowledge on age
hardening behavior across 2xxx, 6xxx, and 7xxx series [76]. Wu et al. [77] reported a coun-
terintuitive strategy to stabilize supersaturated solid solution in nanograined Al-Cu alloys
via high-density vacancies, addressing the long-standing challenge of low-temperature
decomposition into unfavorable intergranular precipitates. This theme gains relevance as
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Al-Cu alloys are increasingly integrated into hybrid structures combining aluminum with
steel, carbon fiber composites, or dissimilar aluminum alloys.

Machine learning and data-driven approaches represent an emerging fifth theme with
rapidly growing prominence. Rakhmonov et al. [78] demonstrated enhanced mechanical
properties of high-temperature-resistant Al-Cu cast alloy through Mg microalloying, with
systematic characterization enabling development of predictive relationships. Jin et al. [79]
investigated the contribution of double-sized TiC particle addition to ductility-strength syn-
ergy in wire arc additively manufactured Al-Cu alloys. The integration of computational
approaches with experimental validation is increasingly evident across all research themes.

4.4. Publication Patterns and Knowledge Dissemination

The concentration of publications in a small number of high-impact journals conforms
to Bradford’s Law and provides guidance for researchers seeking visibility and impact. The
Journal of Alloys and Compounds and Materials Science and Engineering: A collectively
publish over 8% of the field’s literature and represent natural target venues for Al-Cu alloy
research. The presence of open-access journals (Materials, Metals) among the top sources
indicates growing adoption of open science practices in materials research.

Conference proceedings (AIP Conference Proceedings, Journal of Physics: Conference
Series, Lecture Notes in Mechanical Engineering) account for a notable fraction of output
(approximately 11%), facilitating rapid dissemination of preliminary findings and enabling
research community interaction. However, the generally lower citation impact of conference
papers compared to journal articles suggests that subsequent archival publication remains
important for long-term visibility.

4.5. Limitations

Several limitations should be acknowledged. First, reliance on Scopus as the sole
database may underrepresent literature from non-English-language journals, patents,
and industry reports. Second, keyword standardization remains imperfect, with vari-
ant spellings and synonymous terms potentially affecting frequency counts. Third, citation
metrics for recent publications (2024-2025) have not reached equilibrium, limiting compara-
tive citation analysis. Finally, the exclusion criteria, while necessary to avoid false positives,
may have excluded some legitimately relevant studies with unconventional terminology.
Additionally, the absence of cross-validation through Web of Science may lead to under-
representation of some European and American literature that is indexed exclusively in
WoS. Furthermore, the potential influence of institutional and national self-citation patterns,
particularly among the most prolific contributing countries and institutions, has not been
quantitatively assessed; such self-citation bias could inflate apparent productivity and
citation metrics for certain countries and institutions.

5. Conclusions

This bibliometric analysis of 4380 documents published between 2020 and 2025 pro-
vides a comprehensive mapping of the 2xxx series aluminum-copper alloy research land-
scape. The principal findings and conclusions are as follows:

The field demonstrates sustained growth, with annual publications increasing from
603 (2020) to 948 (2025). Life cycle modeling indicates the field is transitioning from
exponential growth toward maturity, with an estimated carrying capacity of approximately
6000 cumulative publications.

China dominates global research output (35.7% of corresponding authorships), with
Central South University as the leading institution (548 articles). However, China’s interna-
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tional collaboration rate (12.2%) is notably lower than Western counterparts such as the
United Kingdom (62.5%) and Canada (53.2%).

Core journals including Journal of Alloys and Compounds (192 articles), Materials
Science and Engineering: A (175 articles), and Journal of Materials Research and Technology
(133 articles) collectively account for 11.4% of total publications. Bradford’s Law analysis
confirms the expected concentration of literature in a small nucleus of specialized journals.

Thematic analysis identifies five major research clusters: (1) microstructure-property
relationships, (2) friction stir welding and joining, (3) corrosion mechanisms, (4) Al-Cu-Li
aerospace alloys, and (5) additive manufacturing. Additive manufacturing represents a
particularly dynamic research front with high citation impact.

Several specific future research directions are likely to gain prominence. First, ma-
chine learning-assisted alloy design remains underexplored for Al-Cu systems relative to
other alloy families; in particular, data-driven approaches for optimizing composition and
processing parameters (e.g., predicting age-hardening response or selecting micro-alloying
additions in multicomponent Al-Cu alloys) represent a significant gap that warrants
systematic investigation. Second, sustainable processing routes incorporating recycled alu-
minum are insufficiently studied in the context of 2xxx series alloys, where impurity tolerance
(especially Fe and Si from secondary aluminum) and its effect on precipitation sequences
and mechanical performance require dedicated research. Third, multi-material joining tech-
nologies for electric vehicle applications, specifically the development of robust Al-Cu to
steel and Al-Cu to carbon fiber-reinforced polymer dissimilar joints, need further attention
as lightweight multi-material body structures become standard in the automotive industry.
Finally, while qualitative reviews have addressed individual sub-topics such as FSW or precip-
itation hardening, the lack of quantitative, network-level assessments of collaboration patterns
and cross-disciplinary integration suggests that periodic bibliometric updates will remain
valuable for identifying emerging research voids and guiding resource allocation.
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