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Niobium, an irreplaceable raw material in high-tech industries, boasts a complex global trade network across its industrial chain. This study, leveraging 2022 trade data and inter-linkage dependencies within the niobium industry, constructs a multi-layer network model and simulates the impact and propagation of supply disruptions under two realistic scenarios: Restrictions on primary product exports and total export bans. Our findings reveal that: (1) Supply constraints on primary products cascade through the middle and downstream trade networks, impacting the final product layer more severely, especially for countries with limited ability to cope with disruptions. (2) China, Malaysia, Brazil, and the United States emerge as crucial risk sources, with their export restrictions potentially triggering a complete collapse of trade networks across all layers. (3) Hidden risk sources include Asian countries like Japan and Korea in the primary product layer, while European nations like the United Kingdom and Germany, despite playing a limited role in upstream disruptions, significantly influence the intermediate and final product layers. These findings underscore the importance of developing feasible systemic risk mitigation strategies, optimizing industrial structures, fostering global cooperation, and ultimately bolstering the robustness and resilience of the global niobium industry chain.
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1 INTRODUCTION
The global surge in high-tech industries has intensified international competition for critical raw materials, including niobium (Bigerna et al., 2021; David et al., 2022; Wickramaratne and Mazin, 2022). Niobium plays a crucial role in various high-tech applications, such as superconductors, superalloys, and advanced manufacturing (Zhou et al., 2024). Recognizing its strategic importance, many countries, including China, the United States and European Union have designated niobium as a critical mineral(Silveira and Resende, 2020; Williams-Jones and Vasyukova, 2023; Burton et al., 2024; Bhamra et al., 2024). However, despite growing demand, global niobium reserves are highly concentrated, with Brazil and Canada accounting for 98% (Zeng et al., 2024). This has resulted in a high import dependency for most countries, including a 100% reliance on net imports for China and the United States (McCaffrey et al., 2023). Consequently, ensuring a stable and secure supply of niobium has become a pressing concern, especially given the increasing demand from emerging technologies and rising geopolitical tensions. The niobium industry chain spans from primary products (refined ores, niobium oxides) to intermediate products (metals, alloys), and downstream final products (oil and gas pipelines, auto parts, infrastructure) (Gómez et al., 2024). The interconnected nature of this global trade network, coupled with various risks like economic fluctuations, supply disruptions, geopolitical events, and pandemics, creates potential for cascading failures. Disruptions affecting a single entity can rapidly spread across the trade network, exacerbated by the vertical dependencies within the industry chain (Hu et al., 2021a; Kalubanga and Gudergan, 2022). Even seemingly minor local shocks can potentially trigger widespread disruptions, increasing national vulnerabilities and deepening supply security concerns (Chen and Su, 2020; Li et al., 2021). Therefore, identifying potential risk sources within the niobium trade network is crucial for ensuring a stable and sustainable supply and further optimize the overall network structure.
Understanding the resilience of critical mineral supply chains is crucial for ensuring the sustainable development of high-tech industries. While previous studies have employed complex network theory to analyze supply chain risks in various sectors (Bier et al., 2020; Dong et al., 2020; Pacini et al., 2021), research specifically focusing on the niobium industry and its vulnerability to cascading failures within a multi-layered trade network remains limited. Existing studies on critical mineral supply chains often focus on single-layer network analysis (Chen C. Y et al., 2020; Zhu et al., 2022; Bridge and Faigen, 2022; Li et al., 2023a; Shuai et al., 2023), which may not fully capture the interconnectedness and cross-layer dependencies within complex industrial systems. Multi-layer complex networks offer a more comprehensive framework for analyzing supply chain risks compared to traditional single-layer network approaches. By incorporating multiple layers to represent different stages of the industry chain and their interdependencies, multi-layer networks can capture the cascading effects of disruptions across different levels of the system (Naqvi and Monasterolo, 2021; Wang et al., 2022a). This approach provides a more realistic and nuanced understanding of supply chain vulnerability and resilience. The industry chain itself is a complex multi-layer network structure, and the supply risk lurks in each industry chain link (McNulty and Jowitt, 2021). The analysis of multi-layer trade network from the perspective of mineral resources industry chain focuses on revealing the structural features of the network (Shao et al., 2022), such as (Wang et al., 2022a), who studies the characteristics of multi-layer trade network in the nickel industry chain, Kang et al. (2022) calculate the national competitiveness based on the study of the characteristics of the multi-layer network of the copper industrial chain, and Shi et al. (2022) reveals the key nodes in the multi-layer network of the global cobalt industrial chain. Although the analysis of static network structure features has important reference value for understanding the structural defects of trade networks (Wang et al., 2022), the impact of trade risk on individual or marginal countries is likely to affect the supply security of other countries (Hu et al., 2023; Yin et al., 2022), the impact propagation model of complex networks combined with cascade failure model and epidemic model takes into account the complex trade relations in networks (Hu et al., 2021b; Wang et al., 2021; Wang et al., 2020; Wang et al., 2022b), and quantifies the impact scale under different impact scenarios, it has an incomparable advantage in characterizing the impact of such systemic risk (Li et al., 2023b), which has been proved in the industrial chain trade network of nickel, copper, cobalt and other mineral resources (Kang et al., 2023; Li C et al., 2023; Sun et al., 2022).
While existing research has explored supply chain risks in various industries, including critical minerals (see Table 1 for a comparison with existing studies), a comprehensive analysis of the global niobium supply chain and its vulnerability to cascading disruptions within a multi-layered trade network remains limited. Specifically, previous studies have not fully addressed the cross-layer impacts of supply constraints across the upstream, midstream, and downstream segments of the niobium industry. To address these limitations, this study develops a multi-layered trade network model of the global niobium industry chain, explicitly considering the interdependencies between upstream, midstream, and downstream sectors. We then simulate the propagation of supply disruptions under two distinct scenarios to inform strategic planning and development efforts. The first scenario analyzes the impact of constraints on primary product supply, wherein a country’s capacity to provide refined ores and niobium oxides is restricted. This scenario investigates the vulnerability of the niobium supply chain to disruptions originating at the upstream level. The second scenario explores a more extreme circumstance: a complete disruption of a country’s ability to supply any niobium products across the entire industry chain. This allows us to evaluate the network’s resilience to more severe and widespread disruptions, providing insights for policies promoting diversification and redundancy within the supply chain. By analyzing these two scenarios, we gain a deeper understanding of the potential consequences arising from supply disruptions at different stages of the niobium value chain, ultimately contributing to the development of effective mitigation strategies.
TABLE 1 | Comparison with existing studies.
[image: Table 1]The rest of this study is organized as follows. Section 2 provides the data and methods of this paper, including the construction of the network model for the niobium industry chain and the dynamic risk propagation model. Section 3 reveals the findings and discussions from three aspects: the overall impact of the supply crisis, key risk countries, and transmission pathways. Finally, Section 4 is the conclusion.
2 METHODOLOGY
2.1 Data
The whole life cycle of niobium includes four stages: mining, processing, consumption, and waste management. Based on the main products of each stage, the niobium industry chain is divided into three stages: upstream, middle, and downstream. Upstream products include primary products such as niobium ore and concentrate; midstream products mainly consist of intermediate products containing niobium; and downstream products represent the final consumer products made with niobium. Table 2 presents the six-digit HS codes for all relevant products, with niobium coefficients referenced from McCaffrey et al. (2023) and Zhou et al. (2024). We obtained the raw trade data for 2022 from the UN Comtrade database for all commodities related to the niobium industry chain, including trade value, trade volume and import/export data (in kilograms) for participating countries. For missing values in trade flows, there are no cases where both trade value and trade volume are missing. For cases where trade volume is missing, we sum up all the trade values and trade volumes in that year and divide them to obtain the average price. If the trade flow between two countries is missing, the trade value of that flow is divided by the average price to approximate the missing trade volume (Liu et al., 2022). Furthermore, we consolidated trade flows for mainland China with those of Hong Kong, Macao, and Taiwan, resulting in a dataset encompassing 231 major countries. Additionally, to address potential inconsistencies in statistical calibrations between importing and exporting countries, we utilized data from exporting countries (Gao et al., 2022).
TABLE 2 | Niobium industry chain-related HS code.
[image: Table 2]2.2 Multi-layer network construction
To reflect the interconnections among the upstream, midstream, and downstream of the niobium supply chain, and further compare the robustness of each stage, this study constructs a global niobium industry chain network (GNICN) for 2022 based on the framework of multi-layer complex networks theory. As shown in Figure 1, the GNICN consists of three single-layer networks, denoted as L1, L2, L3, L1 representing the upstream primary product layer, L2 representing the intermediate product layer in the middle, and L3 representing the downstream final product layer. For example, the trade network formed by upstream primary products is a single-layer network [image: image]. Where the node set [image: image] represents all the countries that are trading at level L1, [image: image] is the total number of nodes in this layer; [image: image] denotes the set of trade directed edges between the countries in the L1 layer. If country [image: image] exports to country [image: image], then [image: image], otherwise [image: image]. L1 can be expressed as the adjacency matrix [image: image] . The weight of trade relationship between countries is expressed by [image: image] . The weight of edge in this study is trade volume times niobium content. Similarly, the midstream global niobium intermediate trade network and the final product network can be defined as [image: image] and [image: image].
[image: Figure 1]FIGURE 1 | A multi-layer network diagram based on the niobium industry chain.
Based on constructing three single-layer networks, GNICN is constructed as [image: image], where [image: image] represents the set of single-layer networks; a [image: image] is defined as a collection of directed interlayer edges between L1 and L2 and between the same nodes between L2 and L3, represented by a green dotted line in Figure 1. Specifically, the interlayer connections, represented by [image: image] and [image: image], are defined based on the dependency between upstream and downstream products within each country. A directed edge exists from a node in layer [image: image] to a node in layer [image: image] if and only if the country represented by that node is active in both layers. This indicates that the downstream industry within that country relies on the upstream product. For example, a connection from [image: image] (primary products) to [image: image] (intermediate products) for country [image: image] signifies that the intermediate product industry in country [image: image] relies on domestically produced primary niobium products. Although unweighted and not reflective of the actual niobium flow, these connections represent the production and supply relationship between upstream and downstream stages within each country. The presence of these connections are key factors in analyzing risk propagation using the multi-layer network dynamic risk transmission model (see Section 2.3 for a detailed explanation of this model). Therefore, GNICN can be represented as a supra-Laplacian matrix (Equation 1):
[image: image]
where [image: image] represent the adjacency matrices corresponding to L1, L2, L3, and [image: image] and [image: image] represent the interlayer dependencies between upstream-midstream and midstream-downstream.
2.3 Multi-layer network risk propagation model
Building upon the multi-layer trade network of the niobium industry chain and the overload model, this study constructs a dynamic risk propagation model (Artime et al., 2024; Chen G et al., 2020). This model simulates a scenario where a country’s state shifts from normal to a state of avalanche when its risk level exceeds a predefined threshold. By simulating the impact of supply crises on each stage of the niobium industry chain under two realistic risk scenarios–primary product supply restriction and complete product supply obstruction–the model reveals hidden key risk sources and delineates the detailed pathways of risk propagation (Shao et al., 2022).
In the scenario of primary product supply constraints, all nodes within the multi-layer network are initialized to a normal state at iteration 0, and the initial load of nodes is set to [image: image]. When a risk event impacts a source node (Node A) in the upstream primary product layer (L1), it causes a supply shortage (iteration = 1). Specifically, the weights of all outgoing edges from node A, denoted [image: image] , are set to 0, as shown in Figure 2A. While Node A itself remains in a normal state at this point, its trading partners experience a supply gap. This reduced supply becomes their risk load ([image: image]), when the gap exceeds the anti-risk threshold [image: image] ([image: image]), the state of the partner node transitions from normal to avalanche. The supply risk caused by the risk source node then propagates both laterally within the L1 layer through the affected partner nodes and downwards along the inter-layer supply relationship from L1 to L2 (iteration = 2,3,4.), as shown in Figure 2B. Risk transmission within a layer is primarily determined by the trade share within each trade relationship. This implies that countries with higher import volumes will bear more severe consequences. for example, the risk load assigned by Node J to its trading partner H is calculated as [image: image] . Simultaneously, the affected nodes in L2 become new risk sources due to the disruption in domestic supply relations, initiating risk propagation in layer L 2. This process repeats iteratively, with the risk propagating between avalanche nodes and their export trading partners, as well as their corresponding downstream nodes. This means that supply risk originating from country A has propagated throughout the multi-layered network of the niobium industry chain, ultimately leading to an avalanche effect across all countries (Figure 2C).
[image: Figure 2]FIGURE 2 | Cascade failure in primary niobium product for layer node interruption. (A) Lateral propagation of supply risk caused by wind source node Country A within L1 through affected partner nodes. (B) Vertical propagation of supply shortage risk from L1 along the industry chain along inter-layer supply relationships. (C) Supply risk originating from Country A has spread in the multi-layer network of the niobium industry chain.
It is worth noting that each country’s risk threshold is set as the total import volume multiplied by the threshold parameter [image: image], which indicates the ability of domestic reserves and production to make up for and resist the impact of reduced import volume, different β values indicate the difference of domestic reserves and production. We selected three values for the threshold parameter β (0.1, 0.5, and 0.9) to represent low, medium, and high levels of domestic reserve and production capacity, respectively. The value of 0.1 indicates that a country can only compensate for 10% of a reduction in imports through domestic sources, reflecting a high reliance on imports and consequently a higher vulnerability to disruptions. Conversely, a β value of 0.9 suggests that a country can offset 90% of a reduction in imports, indicating a high degree of self-sufficiency and greater resilience. The value of 0.5 represents a moderate level of import dependency. These values were chosen to explore a range of plausible scenarios and understand the impact of domestic capacity on the propagation of supply disruptions. While we use a uniform β across all countries within each layer for simplicity in this initial analysis, we acknowledge that the same proportional threshold may have different implications for countries with varying absolute import volumes and domestic production capacities. Similarly, the same country may exhibit different β values across different layers, reflecting varying degrees of domestic capacity and import dependency at different stages of the niobium value chain.
The niobium industry chain is a complex system with numerous countries participating at each stage. Governing bodies strive to ensure the sustainable development of the industry through strategic planning of supply channel. However, analyzing the impact of primary product supply constraints within the context of overall strategic development can be challenging. The second scenario presents a more extreme situation where a country experiences a complete disruption in its ability to supply all products. This could arise from events such as large-scale natural disasters and COVID-19 (Chowdhury et al., 2021; El Baz and Ruel, 2021). Different from the single product supply restriction scenario, in this case, the supply shortage originating from the risk source node A (at iteration 1) simultaneously affects all layers (L1, L2, and L3). This means that [image: image]; [image: image] and [image: image] are all set to 0. However, in the subsequent propagation process, avalanche node in L1 will also affect the normal node in L2, and similarly, avalanche nodes in L2 will affect nodes in L3. Consequently, node avalanche in L3 will no longer be solely attributed to export restrictions in L1 but will result from the combined effect of risk shocks originating from L1, L2, and L3.
3 RESULTS AND DISCUSSION
3.1 The impact of supply restriction on the industrial chain
COVID-19 has increased global awareness of the fragility and resilience of supply chains. In the niobium industry, emergencies such as extreme weather, geopolitical events, public health crises, and economic downturns can suddenly disrupt supply chains. These disruptions can spread rapidly through international trade, affecting all parts of the global industry, potentially leading to significant economic consequences such as price volatility, production delays, and decreased availability of essential goods. Similar disruptions observed in other critical mineral markets, such as the rare earth element market in 2010, have demonstrated the potential for widespread economic impact. To build a more secure and resilient niobium supply chain, it's crucial to identify the countries that pose the greatest risk and understand how disruptions affect different parts of industry. This study employs a multi-layer network model to simulate two realistic risk scenarios, reflecting potential disruptions observed in other critical mineral markets: (1) one country restricting exports of raw niobium materials, analogous to a complete export ban, drawing upon extreme analogies such as Kazakhstan’s chromium ore export restrictions; and (2) a total cessation of exports from one country, similar to disruptions experienced during global-scale public health crises like the COVID-19 pandemic or widespread geopolitical events. We then analyze how these disruptions spread through the niobium supply chain and affect different industry sectors (primary, intermediate, and final product).
Table 3 shows the ten countries whose export restrictions would cause the most disruption (“avalanches”) in the niobium supply chain under the three resilience scenarios (β = 0.1, 0.5, and 0.9). We consider three levels of risk tolerance (“resilience”) for other countries, represented by a parameter ranging from 0.1 (low resilience) to 0.9 (high resilience). The sensitivity analysis reveals that when global resilience is low (β = 0.1), restricting exports from any of the top ten countries causes avalanches across all parts of the niobium industry. The final product sector is most affected, followed by the intermediate product sector. Interestingly, the raw material sector is affected less than the other two, even though it’s the direct source of the disruption. As resilience increases (0.5), the overall level of disruption decreases significantly. Only China and Malaysia still cause major disruptions to the final product sector. For the intermediate and raw material sectors, most disruptions become much smaller. When resilience is high (0.9), the niobium supply chain becomes very stable. Disruptions are minimal across all sectors, with the final product sector experiencing almost no disruptions. These results show that the final product sector is most sensitive to disruptions, followed by the intermediate product sector and lastly, the raw material sector. This vulnerability of downstream industries highlights the potential for significant economic consequences, including increased prices for steel used in construction, automotive, and energy industries, potential performance degradation or shortages of specialized steel used in aerospace and energy applications, and potential disruptions to the supply chain of certain medical devices. This heightened vulnerability of the final product sector can be attributed to several factors. For example, disruptions upstream, such as restrictions on raw niobium exports, are magnified as they move down the value chain. Furthermore, final products generally have a much higher value-added than raw materials or intermediate goods. Therefore, improving the resilience of countries, especially those involved in the final product stage, is crucial for ensuring the stability and robustness of the entire niobium supply chain and mitigating potential economic damage. The disproportionate vulnerability of downstream sectors to supply disruptions observed here is consistent with experiences in other critical mineral markets, most notably the rare earth element market. The 2010–2011 crisis, driven by China’s export restrictions, demonstrated this vulnerability, significantly impacting downstream industries like electronics, renewable energy, and defense, which experienced price spikes and production bottlenecks due to their reliance on REEs.
TABLE 3 | Top 10 countries in terms of avalanche ratios.
[image: Table 3]China, the United States, Malaysia, Spain, and Turkey consistently rank among the top ten countries whose export restrictions would cause the most disruption, regardless of the resilience level of other countries. This highlights their importance in the global niobium industry. China and the United States are major consumers of niobium, while Malaysia is a key processor and exporter of niobium products. Spain and Turkey are important trading partners in the raw material sector. Interestingly, China and Malaysia are less affected by disruptions than other countries. This suggests they have larger domestic reserves and production, making them less reliant on imports. In contrast, Brazil, the main supplier of raw niobium, and Canada, another important supplier, are less likely to cause major disruptions when other countries have higher resilience. This indicates that diversifying the sources of raw niobium and building up reserves could help reduce the overall risk to the supply chain.
3.2 Important risk sources and their influence
Table 3 demonstrates that a scenario where niobium-rich countries disrupt the industry chain by restricting supply is not a foregone conclusion. Therefore, to gain a deeper understanding of the potential consequences, we consider both the severe repercussions of node-level supply constraints and the characteristics of the network structure at the node level, such as weighted out-degree and betweenness centrality. Focusing on China, the United States, Brazil, and Malaysia as case studies, this paper analyzes the impact of supply constraints imposed by these four countries on the three-tier trade network of the niobium industry chain.
China is widely recognized as the largest consumer of niobium, heavily reliant on imports. Its trade volume consistently ranks among the top three across primary, intermediate and final product sectors. However, an often-overlooked aspect is China’s role as the largest exporter of primary products and the second-largest exporter in the other two sectors. This suggests that China is deeply involved in all stages of the niobium industry chain. Therefore, a chain-wide avalanche triggered by China’s restrictions of primary product supply becomes a plausible scenario. When China experiences supply disruptions at the primary product level, it leads to significant losses for most countries. This situation is further exacerbated at the intermediate and final product levels, as the number of affected countries increases along the industry chain. In terms of import losses, the primary product layer suffers the most significant impact, followed by the final product layer. Analyzing geographical proximity, we find that five of the top 10 countries experiencing upstream import losses are located in Asia (India, China, Korea, Singapore, and Indonesia) (Figure 3A). This proportion rises to six in the midstream segment (Malaysia, China, Thailand, India, Indonesia, and Turkey) (Figure 3C), but falls to two in the downstream segment (Thailand and China) (Figure 3E). This highlights the crucial role those Asian countries in the primary processing stage of niobium products.
[image: Figure 3]FIGURE 3 | The impact of supply restrictions on primary products in China and Malaysia on the industrial chain. (A) and (B) represent import losses for countries in the upstream primary product layer, in the same way that (C) and (D) represent the intermediate product layer and (E) and (F) represent the downstream final product layer.
In contrast, while three of the top 10 countries experiencing losses in the primary product layer are located in Europe (Netherlands, Finland, France), this number increases to five in the final product layer (Germany, France, United Kingdom, Belgium and Spain). This highlights the dominance of developed European countries in niobium deep processing technology. However, even advanced technological capabilities are ultimately vulnerable to constraints in the upstream supply of primary products. Across all stages of the industry chain, China’s impact on United States import losses is undeniable. Across all stages of the industry chain, China’s impact on United States import losses is undeniable. Notably, supply constraints originating in China hinder the supply of niobium products throughout its domestic industry chain, leading to a gap between production and demand within the country. China, the world’s largest consumer of niobium, plays a dominant role in the global niobium industry chain. Its heavy reliance on imports, coupled with its ambitious global infrastructure projects under the Belt and Road Initiative, makes securing a stable niobium supply a strategic priority. This mirrors China’s approach to other critical minerals, such as rare earth elements, where it has exerted significant market influence, even resorting to export restrictions in the past, as seen during the 2010–2011 rare earth crisis. Furthermore, China’s increasing investments in resource-rich African countries, some of which have significant niobium reserves, have geopolitical implications. Therefore, any disruption to China’s niobium supply could have significant repercussions for the global economy, similar to the disruptions experienced during the rare earth crisis, highlighting the importance of diversification and resilient supply chains for this critical mineral.
Within the international niobium industry chain, Malaysia plays a crucial role in processing and smelting niobium ore. Leveraging its advantageous geographical location and well-developed port facilities, Malaysia exports processed niobium products to major consumer countries like China, the United States, Japan, and those in Europe. While Malaysia holds a significant position in the primary product layer, it heavily relies on imports of intermediate goods. This figure rises to 100% in both the midstream and downstream layers (Figures 3D, F). Consequently, the production and development of related industries in numerous countries heavily reliant on Malaysian raw materials would experience severe disruptions. Malaysia’s role as a critical processing and export hub for niobium is deeply intertwined with its broader economic strategy of leveraging its geographical advantage and well-developed port infrastructure. This reliance on trade, similar to that observed in other Southeast Asian nations like Singapore, while contributing to economic growth, also increases its vulnerability to supply chain disruptions. Furthermore, Malaysia’s position in the niobium industry chain mirrors that of other critical mineral processing centers, such as Vietnam’s role in rare earth processing. However, unlike Vietnam, which primarily focuses on attracting foreign investment for processing, Malaysia emphasizes developing domestic processing capacity, and actively seeks to establish long-term strategic partnerships with major consuming countries to secure stable market access. Therefore, understanding Malaysia’s specific vulnerabilities is crucial for assessing the overall resilience of the niobium supply chain.
Restrictions on primary product exports from Malaysia would impact over 97% of trading participants in this layer (Figure 3B), higher than China’s around 95%. This figure rises to 100% in both the midstream and downstream layers (Figures 3D, F). Consequently, the production and development of related industries in various countries heavily reliant on Malaysian raw materials would experience severe disruptions. Despite their distinct roles in the global economy, China and Malaysia exhibit similar avalanche outcomes due to their comparable upstream positioning within the niobium industry chain. This suggests that countries with similar roles in international trade of primary niobium products also share similar structural characteristics in their trading networks. This further underscores Malaysia’s irreplaceable role in the industry. Export restrictions imposed by Malaysia in the upstream layer trigger a chain reaction, leading to widespread avalanches in the midstream layer. This is not a direct upstream effect but rather a consequence of the midstream product layer’s dependence on the primary product layer. An exception to this pattern is observed in countries like Greenland, which are not involved in international trade of primary commodities. These countries remain unaffected in the upstream layer when either China or Malaysia acts as the source of risk. However, this does not imply immunity from shocks originating from key players. The impact of such shocks becomes evident in the midstream and downstream layers of international trade.
The United States plays an essential role in the global niobium industry chain, actively participating across upstream, midstream, and downstream stages. Despite possessing limited niobium resources and facing production constraints that fall short of domestic demand, the United States remains a significant player in upstream trade. Figure 4A illustrates the United States’s efforts to secure niobium resources and diversify its supply channels. Furthermore, the United States boasts strong processing capabilities and holds a leading technological advantage in the midstream segment of the niobium industry chain. As a major global consumer of niobium, the United States excels in the research, development, production, and application of niobium materials, enabling it to manufacture high-value-added products. This establishes the United States as a key player in the downstream end-product market (Figures 4C, E). Specifically, in sectors like aerospace, defense, and energy, niobium alloys are crucial for manufacturing key components. Disruptions to niobium supply could lead to production delays, cost increases, and even production halts in these sectors. To address potential supply disruptions, the United States actively pursues diversification of its supply sources, such as establishing long-term partnerships with Brazil and Canada. Furthermore, the United States is exploring research into substitute materials and recycling technologies for niobium (e.g., potential substitutes for niobium in high-strength steel alloys) to reduce reliance on external supplies. However, if the United States were to restrict the supply of niobium primary products, various parts of its domestic industrial chain would experience disruptions, with the midstream layer bearing the brunt of the impact. Notably, the most significant import losses for the United States would occur in the final product layer. Although both China and the United States are major consumers of niobium, their roles within the niobium industry chain differ significantly. China possesses greater advantages in the upstream and midstream segments, while the United States, with its advanced processing technology and focus on high-value-added products, plays a more significant role in the downstream layer. Nevertheless, the results for both countries underscore the need to not only mitigate the risks associated with supply chain disruptions originating from other countries but also to strengthen domestic stability. Ultimately, a failure in any single link within their respective domestic industry chains could potentially lead to severe disruptions.
[image: Figure 4]FIGURE 4 | The impact of primary product supply restrictions in the United States and Brazil on the industrial chain. (A) and (B) represent import losses for countries in the upstream primary product layer, in the same way that (C) and (D) represent the intermediate product layer and (E) and (F) represent the downstream final product layer.
Brazil boasts the world’s largest niobium reserves and production capacity. Companhia Brasileira de Metalurgia e Mineração (CBMM) headquartered in Brazil, is the world’s leading producer of niobium, controlling a significant portion of the global supply and wielding considerable influence over the entire niobium industry chain. CBMM’s dominant market share grants it significant influence over global niobium prices and supply. This concentrated market power raises concerns about potential price volatility and the vulnerability of downstream industries reliant on niobium. Brazil’s niobium industry primarily focuses on upstream mining and primary processing. The majority of its niobium products are exported as raw materials, such as ferro-niobium and niobium oxides. This has led to an overreliance on resource exports in the upstream segment. Furthermore, Brazil’s domestic applications for niobium products remain relatively limited, resulting in a dependence on imported processed niobium goods. This limited domestic consumption can be attributed to a relatively underdeveloped downstream industrial base. While Brazil possesses a growing manufacturing sector, industries that are major consumers of niobium, such as high-performance steel production for automotive and aerospace applications, and advanced manufacturing utilizing niobium alloys, are not as robust as in other advanced economies. While restricting Brazil’s upstream primary exports would undoubtedly have a significant impact on the global niobium market, the repercussions on upstream trading partners would be less pronounced compared to the effects of similar restrictions imposed by Malaysia or China (Figure 4B). This suggests that a country’s export volume does not necessarily correlate directly with the magnitude of its impact on the industry chain. In reality, the most vulnerable countries across all stages of the chain are those that function as import-processing-export hubs (Figures 4D, F). Nonetheless, similar to the scenarios involving Malaysia and China, export restrictions imposed by Brazil in the upstream segment can still lead to import losses for countries in the downstream segment.
Extreme contingencies such as war, a total blockade, severe natural disasters, political instability, or drastic economic policies are most likely catalysts for a country to impose restrictions on the export of all products throughout its entire industrial chain. While the frequency of such events is relatively low, the challenges posed to global supply chains by the COVID-19 pandemic necessitate considering this scenario as a realistic possibility. Therefore, we simulate a scenario where a country within the GNICN restricts the export of all primary, intermediate, and final products. This implies that the country becomes a source of risk at the outset of each layer, simultaneously propagating supply risk shocks throughout the network. The interdependence between adjacent layers across countries further accelerates the speed of avalanche propagation. Although the overall size of the avalanche in this scenario does not significantly alter the ranking of the top ten most affected countries listed in Table 3, these countries do experience a slight increase in avalanche size at the primary product level. Notably, however, the magnitude of commodity avalanches induced by China decreases to 83%. This indicates that when China acts as a source of risk, comprehensive export channel restrictions can effectively disrupt transmission pathways within the commodity layer, thereby mitigating the overall impact of China as a risk source. In summary, China, the United States, Brazil, and Malaysia play key roles in the vulnerability of the niobium industry chain. While the magnitude of avalanches triggered by key risk sources in the midstream and downstream segments appears larger than in the upstream segment, a closer examination reveals that import losses are most substantial for upstream trading partners, followed by downstream partners, and finally, midstream partners. This pattern reflects the dual nature of risk propagation within the niobium industry chain: horizontal diffusion across trade networks and vertical transmission along the industry value chain. The geographical clustering of affected countries highlights the existing division of labor within the international niobium industry. Upstream Asian countries are particularly vulnerable to disruptions, while the European region experiences greater losses in downstream exports. To mitigate their vulnerability, Asian countries like China, Malaysia, and India should prioritize the development of high-value-added advanced technologies and reduce their reliance on the initial processing of raw materials. Furthermore, ensuring the stability of exports from resource-exporting countries, key hub countries, and major consuming countries is paramount for the sustainable development of the GNICN.
3.3 Risk transmission paths
To pinpoint the detailed transmission pathways within the niobium industry chain, uncover the avalanche dynamics across different stages, and proactively identify potential risk points and vulnerabilities, we aim to optimize the industry structure and ensure the sustainable operation of the niobium industry chain. This involves a comprehensive analysis of risk propagation, enabling us to better predict and mitigate potential disruptions. The risk propagation path stemming from primary products supply constraints follow a crisscrossing impact propagation pattern that impacts the primary product layer, intermediate product layer, and final product layer. Specifically, export restrictions on primary niobium products imposed by risk-source countries initially trigger a contagion effect within the upstream primary network layer. Subsequently, due to the domestic production linkages between the primary and intermediate stages, shocks propagate to the midstream intermediate layer. Finally, avalanche nodes within the intermediate product layer impact the downstream end-product layer, further spreading the impact among downstream trade participants. To illustrate a more detailed risk propagation pathway, we focus on the severe consequences of China’s supply constraints and the reality of China’s deep participation in international trade. Setting a risk threshold parameter of 0.1 and using China as the risk source, we analyze the impact propagation pathway of China’s primary product supply restriction on the entire industry chain, along with the specific characteristics of risk propagation within each layer. The results demonstrate that supply constraints imposed by China on primary products lead to widespread disruptions within the primary product layer, triggering a rapid diffusion of risk throughout the niobium industry chain. This, in turn, causes devastating consequences for international trade in both intermediate and final products. Notably, the rate of risk diffusion from the intermediate product layer to the final product layer is significantly faster than the diffusion rate from the primary product layer to the intermediate product layer, as illustrated in Figure 5A. This accelerated diffusion can be attributed to the larger number of participants involved in international trade of intermediate and final products, as well as the stronger structural correlations within these layers. While downstream avalanche rates are higher than those observed in the midstream and upstream segments, it is important to note that upstream countries have suffered higher import losses. This result implies that upstream countries with substantial niobium imports play an essential role in spreading risk throughout the industry chain, which contradicts the emphasis on supply constraints. More significantly, if we focus only on the transmission of risks in a single layer of international trade networks at a specific stage of the industrial chain, without accounting for the complex relationships between different stages arising from domestic production, it will inevitably overlook a large number of hidden sources of risk and underestimate the destructive nature of supply constraints.
[image: Figure 5]FIGURE 5 | Risk transmission paths of China’s supply restrictions on primary product resources. (A) risk propagation in the GNICN. China as a source of risk is shown in red, while the upstream primary product layer, midstream intermediate product layer, and downstream final product layer are shown in green, orange and purple, respectively. (B), (C) and (D) show the propagation paths of the primary, intermediate, and final product layers, respectively. The size of the nodes is proportional to the occurrence, and red, blue, and green represent the order of the avalanche of nodes.
During the transmission process, upstream supply constraints rapidly spread through core countries such as the United States and Germany, directly triggering avalanches 32% of the countries within the primary product layer. The resulting chain reaction leads to disruptions in 56% of the countries in this layer. The increase in avalanche size observed in the midstream and downstream layers is also a direct consequence of the initial wave of avalanches affecting these core countries. Specifically, 24% of midstream avalanches are directly caused by upstream node failures, while the remaining 74% are primarily driven by the cascading effects of these initial disruptions. Similarly, over 66% of downstream country avalanches are directly attributed to midstream node failures, highlighting the significant impact of interlayer interactions. While these cross-layer effects might appear to contradict the patterns observed in the midstream layer, they underscore a crucial characteristic of supply constraint impacts: a cascading effect that combines both ascending and radiating diffusion patterns throughout the industry chain. Furthermore, certain core countries, despite playing a limited role in the upstream network avalanche process, exert a substantial influence on the final product network (Figures 5B–D). Asian countries like Japan and Korea demonstrate a greater impact on the primary and intermediate product layers compared to the final product layer. The influence of European countries is primarily concentrated in the intermediate product layer (e.g., United Kingdom, Germany) and the final product layer (e.g., Finland, Poland). Notably, Brazil’s impact is weakest in the end-product trade network compared to the other two layers, further emphasizing its reliance on primary product trade and processing. This underscores the urgent need for Brazil to develop advanced deep processing technologies to expand its competitive advantage within the niobium industry chain. Interestingly, the avalanches observed in China’s midstream and downstream layers are not directly caused by upstream disruptions, demonstrating the resilience of China’s domestic niobium industry chain. However, it is important to note that only a limited number of countries can maintain the stability of a segment of their domestic industry chain in the face of supply constraints imposed by key risk sources. Therefore, fostering synergy and mutual assistance among countries participating in various trade segments is crucial to mitigate the impact of domestic supply shocks and enhance the overall resilience of the niobium industry chain.
The preceding analysis demonstrates that a country need not be a direct trading partner of the risk source, nor participate in the same segment of international trade as the risk source, to experience the cascading effects of an avalanche. Figure 6 presents the number of countries directly, secondarily (second-round), and indirectly affected under a scenario of total export restrictions for all products originating from China, Malaysia, Brazil, and the United States. China exhibits the largest number of directly affected countries across all layers, reflecting its crucial role in every stage of the niobium industry chain, particularly in the intermediate product layer. Furthermore, China exerts the most significant direct influence on countries within all three segments, underscoring its undisputed dominance in the niobium intermediate product market. While Malaysia’s direct impact capacity is relatively limited at the primary product level, its combined impact (direct and indirect) is the strongest. This suggests that Malaysia plays a more substitutable role in upstream processing, refining, and export activities. Although most of Malaysia’s trading partners have alternative import sources, the potential impact of supply constraints originating from Malaysia should not be disregarded. Notably, the final product layer experiences the most significant impact when Brazil imposes comprehensive export restrictions. This reveals that despite Brazil’s advantage in upstream resource endowments, its global role extends throughout the entire industry chain, including the downstream segment, where it plays a vital role. In contrast, the impact of United States export restrictions on the primary product layer is primarily confined to its direct trading partners and their immediate partners, with minimal indirect effects leading to widespread disruptions. Furthermore, the indirect effects of export restrictions imposed by all four countries are predominantly observed in the upstream segment, suggesting a less tightly interconnected trade network in this layer. This collectively indicates that the primary product layer exhibits greater robustness compared to the intermediate and final product layers.
[image: Figure 6]FIGURE 6 | Countries are directly or indirectly affected by supply constraints on all product resources (1, 2, and 3 represent the upstream primary product layer, the intermediate product layer in the middle, and the downstream final product layer of GNICN, respectively).
3.4 Discussion
This study offers valuable insights for countries involved in the niobium industry chain to maintain the stable and sustainable development of each stage and provides a framework for other industries to build multi-layer network models of their respective supply chains and quantify the impact propagation of supply constraints. However, several crucial points warrant further attention. First, the increasing interdependence of the global economy has put the stability of supply chains in the spotlight. Recent years have witnessed a surge in geopolitical risks, natural disasters, and other disruptive events, leading to repeated shocks to global supply chains. In this context, identifying key risk sources and developing effective coping strategies is paramount. The study reveals that China, Malaysia, Brazil, and the United States are key risk sources, each with distinct industry and regional characteristics, leading to differentiated impacts on global supply chains. The industrial structure and positioning of different countries in global value chains determine the extent and manner of their risk exposure. Asian countries are more vulnerable to upstream and midstream risks owing to their widespread participation in the lower and middle segments of global value chains and the high dependence of their related industries on external supplies of raw materials and components for their development; there was a massive avalanche. Asian countries, for instance, are more vulnerable to upstream and midstream risks due to their extensive participation in the lower and middle segments of global value chains. This reliance on external sources for raw materials and components makes them highly susceptible to disruptions, as evidenced by the large-scale avalanche effects observed in our simulations. Specifically, countries like Japan and South Korea, heavily reliant on imported niobium for electronics and steel production, face significant risks if supply from major producers like Brazil or China is disrupted. In contrast, European countries are more concentrated at the high end of the global value chain, focusing on R&D and the production of high-value-added products. Consequently, their exposure to risk is more pronounced in the downstream segments. For example, Germany, a leading manufacturer of high-performance alloys used in aerospace and automotive applications, is highly sensitive to disruptions in the supply of processed niobium products.
This differentiated risk transmission mechanism underscores the need for countries to tailor their coping strategies to their specific circumstances. Asian countries, such as Japan and South Korea, heavily reliant on niobium imports for electronics and steel production, are particularly vulnerable to supply disruptions from major producers like Brazil or China. These countries should prioritize bolstering their monitoring and early warning systems for key risk sources. Enhancing supply chain resilience can be achieved through diversifying sourcing channels and establishing strategic reserves of intermediate products like ferroniobium and niobium oxides. Furthermore, fostering technological innovation to ascend the global value chain and reduce reliance on imported raw materials is crucial. Specific policy measures could include government subsidies to incentivize businesses to build reserves, forging long-term supply agreements with resource-rich nations, and investing in research and development of niobium substitutes. European countries, exemplified by Germany, are more focused on research and development and the production of high-value-added products, leading to greater downstream risk exposure. They should closely monitor shifts in downstream market demand, address the rise of competitors, explore emerging markets to optimize market structure, and continue investing in R&D to maintain technological leadership and product competitiveness. Building strategic reserves of finished products like niobium-containing steel and alloys should also be considered. Concrete steps could involve establishing government-backed reserve repositories, providing subsidies for businesses to maintain reserves, encouraging expansion into emerging markets like Africa and Southeast Asia, and increasing investment in the development of advanced niobium alloys. Second, there are significant differences in the significance and approaches to improving the risk-resistance among the countries participating in different segments of the niobium industry chain. Notably, increasing domestic production and reserves in countries involved in the final product trade is highly effective in preventing and mitigating large-scale avalanches caused by supply constraints. By boosting domestic production capacity, countries can reduce their reliance on imported products and exert greater control over their supply chains. Countries should carefully consider the role of each stage in the industrial chain and adopt tailored solutions to address systemic risks while maximizing their national strengths. For example, resource-rich countries like Brazil can prioritize developing upstream industries to ensure a stable supply of raw materials. Countries with advanced manufacturing industries, such as Germany or Japan, can focus on upgrading their technology and strengthening the resilience of their industrial chains. Countries with large consumer markets, like China or the United States, can actively develop domestic production and reserves to reduce external dependence. However, extending the industrial chain and building a robust industrial system are strategies applicable to all countries, regardless of their specific position in the global value chain.
Third, we must consider the hidden sources of systemic risk that emerge as disruptions propagate along the industrial chain. These hidden risks often lurk in seemingly stable links within the chain, arising from the interdependence between upstream and downstream stages. This interdependence exacerbates the destructive potential of disruptions. Our research shows that Japan and South Korea play essential roles in the upstream and midstream links of some critical industrial chains. Their stable operation is crucial for the production and trade of downstream countries. For example, the 2011 earthquake in Japan caused severe disruption to the global automotive industry chain, forcing manufacturers in many countries to halt production due to a shortage of parts from Japan (Carvalho et al., 2020; Uchida and Bürgmann, 2021). The destructive power of hidden risk sources underscores the importance of recognizing and proactively addressing these risks.
Finally, it is imperative to establish an international cooperation and coordination mechanism encompassing all stages of the niobium industry. Given the close interconnectedness of countries involved in the niobium industry, heightened attention must be paid to the hidden risk sources identified in this study. This includes establishing information-sharing mechanisms, strengthening risk communication and coordination, and jointly developing contingency plans. For instance, regional industrial chain cooperation mechanisms can be improved to facilitate joint responses to emergencies such as natural disasters and pandemics. Cooperation with international organizations can also be strengthened to formulate strategies and measures for addressing global risks collectively.
While the policy recommendations outlined above offer crucial steps towards enhancing the resilience of the niobium supply chain, it is essential to consider how emerging challenges might necessitate further adaptation. The potential impacts of climate change, geopolitical instability, and the development of substitute materials require proactive strategies to mitigate future risks. This includes investing in climate-resilient infrastructure, developing early warning systems for supply chain disruptions, fostering international collaboration on resource security, and supporting research into alternative materials and technologies.
This study examines the resilience of the global niobium supply chain using a multi-layer network approach, which is a relatively unexplored area in the existing literature. While previous studies have analyzed supply chain risks in other industries or using different methodologies (Shi et al., 2022; van den Brink et al., 2022), few have specifically focused on the niobium industry and its unique characteristics. Furthermore, the application of a multi-layer network model allows us to capture the interconnectedness of different stages within the niobium supply chain and analyze the cross-layer impacts of disruptions, which provides a more comprehensive understanding of the system’s vulnerability compared to traditional single-layer network approaches. This study contributes to the growing body of literature on supply chain resilience by providing a detailed analysis of the global niobium industry and its vulnerability to disruptions. Our findings offer valuable insights for policymakers and businesses seeking to develop strategies to mitigate supply chain risks and enhance the sustainability of the niobium industry.
4 CONCLUSION
With the global competition of high-tech industries heating up, the sustainable development of the niobium industrial chain has become a pursuit of countries worldwide. The niobium industry chain consists of an upstream primary product, a middle intermediate product, and a downstream final product; each link is interdependent. Disruptions in one part of this chain can have ripple effects throughout the entire system. Therefore, based on all the international trade data in 2022 of the United Nations trade database, this study constructs a multi-layer trade network model of the niobium industry chain and then constructs a multi-layer dynamic risk propagation model to understand how disruptions can spread and affect different parts of the industry. The main conclusions are as follows:
Different stages of the niobium supply chain exhibit varying levels of vulnerability to disruptions. The downstream final product stage is the most susceptible, implying that disruptions in the supply of upstream primary products or middle intermediate products can significantly hinder the production of final products. An analysis of critical sources of risk found that certain countries, such as China and Malaysia, play a pivotal role in the niobium supply chain. Disruptions originating in these countries can have far-reaching consequences, underscoring the importance of diversifying supply sources and mitigating reliance on any single nation. China, a major consumer and importer of niobium, has the potential to trigger substantial disruptions if its supply is constrained. This underscores the interconnectedness of the global niobium industry. Malaysia, a prominent processor and exporter of niobium, serves as a crucial link between upstream primary product suppliers and downstream final product manufacturers. Disruptions in Malaysia can severely impact the entire supply chain. The United States, a major consumer and technology leader, is also susceptible to disruptions, especially in the middle intermediate product segment. This demonstrates that even technologically advanced nations are not immune to supply chain risks. Brazil, the largest supplier of upstream primary product, exerts a considerable influence on the global market, but its impact is less pronounced compared to China and Malaysia. This suggests that a country’s position and role within the trade network, not solely its resource reserves, determine its overall influence. Asian countries like Japan and South Korea, along with European nations such as the United Kingdom and Germany, also play significant roles in the niobium supply chain and can contribute to disruptions. This emphasizes the need for international collaboration to effectively manage risks.
Enhancing a country’s capacity to withstand disruptions is essential for bolstering the resilience of the entire niobium supply chain. This can be achieved through various strategies, including augmenting domestic production and reserves, particularly for countries engaged in the downstream final product stage. For instance, China could encourage domestic niobium exploration and development, support R&D in processing and recycling technologies, and diversify import sources through international collaborations. Brazil could focus on developing downstream processing capabilities, expanding niobium applications, and establishing stable partnerships with downstream manufacturers. Malaysia could enhance its processing technology, diversify export markets, and strengthen collaborations with upstream and downstream partners. Furthermore, international trade agreements should promote information sharing, fair trade practices, and customs cooperation to prevent smuggling and ensure a stable trade environment. Establishing a strategic niobium reserve mechanism and fostering multilateral cooperation to address risks associated with climate change and geopolitical instability are also crucial for building a more resilient global niobium supply chain.
This study provides valuable insights into the risks and vulnerabilities of the niobium supply chain. However, the future of this supply chain also faces emerging challenges, such as the impacts of climate change (e.g., extreme weather events and stricter environmental regulations) on mining and processing, shifting geopolitical dynamics (including resource nationalism and trade disputes), and the development of substitute materials—all of which could impact demand and reshape the industry. These emerging challenges underscore the need for future research focused on quantifying these risks and developing proactive mitigation strategies. Further research directions include exploring tailored risk thresholds based on individual country circumstances, analyzing the impact of demand-side shocks, and investigating specific niobium-dependent industries and products. This information can help policymakers and businesses develop strategies to enhance the resilience and sustainability of the global niobium industry.
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