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Critical materials (CMs) are used in many electronic, defense, and emerging technologies, e.g., hard disk drives (HDDs). Identifying, tracking, and quantifying potentially recoverable CM from secondary sources is necessary to plan for long-term CM supply security. A Semi-Markov Process (SMP) model is employed to temporally quantify and characterize individual material flows in HDD lifecycles. The model addresses knowledge gaps by tracking individual materials in complex products subject to different end-of-use (EoU) pathways and integrates product lifecycle ‘sojourn’ times to estimate retained material quantities. The SMP shows promise as a novel approach to characterize individual material flows across complex product lifecycles.
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1. Introduction
The need to store and efficiently process relevant high-quality data generated by technologies such as artificial intelligence (AI), cloud computing, and e-commerce is driving the need for server farms. Server farms are, simply put, a collection of servers that function collectively to handle large volumes of data [1]. Each server farm can contain anywhere from a few hundred servers to hundreds of thousands of servers. A server comprises different subassemblies, namely, the Central Processing Unit (CPU), the motherboard or Printed Circuit Board (PCB), storage systems in the form of short-term Random Access Memory (RAM) and long-term Hard Disk Drive (HDD), and the Power Supply Unit (PSU) in addition to ancillary electronics components [2]. Many materials used to manufacture servers are considered critical [3]. Critical materials (CM) find applications across multiple industry sectors including the electronics and defense sectors. Efforts to secure the supply of CMs include expanding mining operations, identifying substitute materials, and diversifying CM supply by developing and scaling recovery (remanufacturing, recycling, etc.) operations with the objective of creating secondary CM streams.
Servers contain several high value materials (e.g., steel and CMs including Rare Earth Elements (REEs)). The HDD sub-assembly comprises Rare Earth Permanent Magnets (REPMs) made from REEs Nd, Pr and Dy. The main function of an HDD is to provide long-term storage of data and therefore the end-of-use (EoU) collection and management of used HDDs is particularly vital. Used HDDs need to be ‘wiped clean’ and are generally shredded. Shredded HDDs are segregated into ferrous and non-ferrous material streams. Any REEs in HDDs are lost as scrap during recycling. Depending on the type of server, the number of HDDs per server can vary from two HDDs to several dozens. HDD installation in servers do not require specialized tools thus facilitating quick replacement of defective/old HDDs with new ones. Given their material composition (Table 1) combined with the fact that HDDs require special handling at EoU, a unique opportunity to maximize HDD value presents itself thus making HDDs the focus of this study.


As is evident, there are a growing number of server farms, which are driving the demand for HDDs and in turn driving the demand for critical materials. Given the CM related supply chain brittleness, strategies to ensure a steady supply of CMs need to be developed. Owing to rapid technological advances in the electronics and semiconductor sector, 4–5-year-old HDDs are often considered outdated. New servers require maximum HDD capacity per slot owing to their better storage capacity-to-power ratio relative to older (lower capacity) drives. However, a used HDD may have value as a replacement for a defective HDD in an older server. Moreover, assuming methods are available to recover relatively pure material streams from used HDDs, used HDDs may be used to manufacture new HDDs.(2)

This study develops a novel model to temporally track individual materials including CMs retained in server HDDs over time via a Semi-Markov Process (SMP). The model specifically applies the SMP to reflect the stochasticity across individual product lifecycle stages (states) to track CMs in a complex product that is subject to different recovery and/or disposal strategies. In doing so, this work overcomes limitations of past material flow analyses (MFA): (i) static or steady flow, (ii) monolithic product, and (iii) no differentiation among material streams [5]. The contributions of this paper are:
1. An HDD system model which includes product lifecycle stages or “states” and has different EoU pathways.
2. Quantifying the likelihood of three lifecycle pathways for an HDD.
3. An SMP model that quantifies the different CMs retained in server HDDs across multiple lifecycles and corresponding time durations.
Section 2 describes the research methods. Section 3 details the data collection and model development steps. Results are presented and discussed in Section 4. Section 5 summarizes the findings and identifies future directions for this work. 


Table 1: Elemental composition of a representative HDD [4]

	HDD components
	Mass (g)
	Fe
	Al
	Cu
	Cr
	Pr
	Nd
	Dy
	plastics

	cover
	144.75
	115.8
	2.9
	0
	26.06
	0
	0
	0
	0

	base casting
	305.25
	6.105
	293.04
	0
	0
	0
	0
	0
	6.11

	platters
	56.93
	0
	56.93
	0
	0
	0
	0
	0
	0

	magnets
	18
	0
	0
	0
	0
	0.83
	5.54
	0.29
	0

	magnets carrying plates
	68.4
	67.03
	0
	0
	0
	0
	0
	0
	1.37

	voice coil actuators
	25.575
	0.64
	0.64
	24.3
	0
	0
	0
	0
	0

	spindle motor
	63
	0
	61.74
	1.26
	0
	0
	0
	0
	0

	PCBs
	43.5
	0
	0
	4.35
	0
	0
	
	0
	39.15

	others
	24.15
	0
	0
	0
	0
	0
	0
	0
	70.77

	Total (g)
	750
	200.92
	415.24
	29.91
	26.06
	0.83
	5.54
	0.29
	70.77

	% share by mass
	100%
	26.79%
	56.37%
	3.99%
	3.47%
	0.11%
	0.74%
	0.04%
	9.44%



2. Semi-Markov Process for Modelling Product Lifecycles
Past work in modelling product lifecycles as Markov processes include the work by Paras and Pal [6] to quantify the number of times an article of clothing gets reused. Eckelman et al. [7] used a Markov approach to quantitatively track the flow of Ni across various geographic locations. Yamada et al. [8] explored the use of a Markov approach concurrently with Life Cycle Assessment (LCA) in the context of quantifying the number of product reuse cycles and suitably allocating environmental burdens. Matsuno et al. [9] built upon the work by Yamada et al. to quantify steel reuse in Japan while also quantifying the impacts associated with using steel once. Past applications of the Markov approach have largely not considered complex, multi-material products (especially those with CMs), and multiple EoU pathways that may be exploited to retain CMs in the economy [5]. The benefits of SMPs have likewise not be well-addressed in prior works; SMPs can yield a more accurate temporal understanding of individual material flows and retention quantities by incorporating sojourn times, i.e., the time spent by a system in a given state before it transitions to the next state [10]. It is these limitations that the developed SMP (Section 3) for tracking CMs in HDDs addresses.
A Markov chain is a stochastic process that satisfies the memoryless property, meaning that the probability of transitioning to the next state () depends solely on the current state (), which can be expressed as:
 (1)
where  denotes the state at time ,  the state at time , and  the probability of transitioning from state  to state .
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Figure 1. A representative Markov Process (MP) system model (left) and state transition probability matrix, P (right).

A MP is a probabilistic system whose state transitions occur in accordance with a transition probability matrix. In the case of a Discrete Time MP time progresses in distinct steps and the system transitions at these specific times. In contrast, for a Continuous Time MP, state changes can happen at any instant (t>= 0). For this case, a Markov process only holds if the holding times are exponential distributions. A detailed discussion of MPs is given by Oszczypała et al. [10].
Unlike a Markov process, with an SMP the time spent in each state, i.e., the residence, sojourn, or holding time, does not follow an exponential distribution. An SMP considers the probabilistic nature of both state transitions as well as holding times in states. These two probabilistic characteristics are jointly considered within an SMP via a renewal kernel matrix, Q(t) (Eq (2)) [10].

[image: ] (2)
 		(3)
 is the transition probability (i.e., the probability of the state  going to state ), and (t) is the cumulative probability distribution associated with the time spent in state  before transitioning to state  [10]. To apply the SMP approach to an HDD, a product lifecycle model is needed (this will be discussed in the next section). Section 3 will also describe the information collected to estimate the transition probabilities and the holding time distributions for the HDD lifecycle. This information may then be used to find the SMP kernel matrix, Q, for the HDD lifecycle.
3. Semi-Markov Process Model for HDD Lifecycle
In the previous section the theory underpinning an SMP was established. An overarching goal of this work is to understand how much material content from an initial HDD is retained across successive “use” cycles, where the degree of retention is defined as the ratio of cumulative recovered mass (i.e., mass recovered over multiple cycles) to the initial mass. Understanding this aspect is important because evaluating how many times the initial material mass can be retained within the system over multiple cycles provides insight into material utilization efficiency and associated economic implications. System models representing the HDD lifecycle were developed for three EoU scenarios (Fig. 2):
1. A Business-As-Usual (BAU) scenario: HDDs are reused in a limited manner; EoU HDDs are recycled via shredding and recovery of ferrous and non-ferrous materials.
2. A Reuse-focused scenario: Longer HDD operational life is modeled, followed by recycling (some CMs recovered).
3. A REE-focused recycling scenario: Emphasizes the recovery of CMs (e.g., Nd and Dy) from HDD REPMs and other materials. 
A comparison of these scenarios will provide insight into how EoU strategy may shift retention patterns across materials. Input data for the model, i.e., the material composition of a typical HDD was determined from data sources and verified via discussions with industry personnel (J. Richter and L. Kotsakis, Microsoft Corp., personal communication, March 2026) [4]. Additionally, the state transition probabilities for each scenario were constructed based on data from the literature (Table 2). These probabilities are displayed on the lifecycle model of Fig. 2.  Sojourn times, or the time spent in each state, were also obtained from the literature for the HDD product lifecycle. These are shown in Table 3.
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Figure 2. HDD system model depicting three lifecycle scenarios (states are labelled). The numbers represent the fraction of flow of material quantities between states and are expressed as probabilities to construct transition probability matrices.

Often the empirical information from the literature on sojourn times is somewhat unsubstantiated. In other cases, multiple distributions are proposed to describe the residence time. For our present purpose, we have estimated the minimum and maximum state duration times and used a uniform probability density function to characterize the statistical distribution.

Table 2: Lifecycle state transition probabilities

	State i
	State j
	pij
	Lit. Source

	1
	2
	0.98
	[11] [12]

	1
	8
	0.02
	[11] [12]

	2
	3
	0.85
	[13] [14]
	2
	8
	0.15
	[13]
	3
	4
	1
	Assumed production yield is 100% post rework loops [15]

	4
	5
	1
	[15]
	5
	6
	0.1 (BAU), 0.6 (Reuse-focus), 0.02 (REE-focus)
	[16]
[17]

	5
	7
	0.8 (BAU), 0.3 (Reuse-focus), 0.97 (REE-focus)
	1 – (p56 + p58)

	5
	8
	0.1 (BAU, Reuse-focus), 0.01 (REE-focus)
	[17]
	6
	7
	0.9 (BAU), 0.95 (Reuse-focus, REE-focus)
	Based on HDD collection rate [17]

	6
	8
	0.1 (BAU), 0.05 (Reuse-focus & REE-focus)
	Based on HDD collection rate [17]

	7
	2
	0.69 (BAU), 0.67 (Reuse-focus), 0.7 (REE-focus)
	[4]
[18]

	7
	8
	0.31 (BAU), 0.33 (Reuse-focus), 0.30 (REE-focus)
	[4]
[18]

	8
	8
	1 (BAU)
	Assumed no recovery from landfill.



Table 3: Product lifecycle state residence time distributions (HDD)

	State (Lifecycle stage)
	Time, U[min, max] in yrs
	Lit. Source

	1. Extract
	U[0.02, 0.04]
	[19]

	2. Material processing
	U[0.01, 0.01]
	[20] [21]

	3. HDD Component Manufacturing
	U[0.08, 0.16]
	[22]

	4. HDD Assembly
	U[<0.01, <0.01]
	[23]

	5. Use
	U[3, 6]
	[24]

	6. Reuse
	U[0.5,1] (BAU)
U[0.5,2] (Reuse-focus)
	[25]

	7. Recycle
	U[<0.01, <0.01]
	[26]

	8. Dispose
	0
	-


Table 4: Elemental recovery process yield rates

	Element
	Yield Rate
	Lit. Source

	Al
	75% (REE- focused recycling)
83.5-94% (BAU & Reuse-focus)
	[4] [18] [27] [28]

	Cu
	20% (REE-focused recycling)
75-97% (BAU & Reuse-focus)	Comment by Ritbik Kumar: We need to change it to 75.
	[28] [29]
	Fe
	~95% (BAU & Reuse-focus)
98% (REE- focused recycling)
	[18] [28] [30]

	REEs
	0% (BAU & Reuse-focus)
90% (REE-focused recycling)
	[4][18]



Attention now shifts to using the developed SMP models that have been tuned to HDD data from the literature to calculate the degree of retention. For a given scenario, let  denote the mass of material  present in the HDD at the start of the lth use stage, with  being the initial mass. After the initial use, if a HDD is not disposed, it may follow one of two pathways: (i) reuse, where the HDD is reconditioned and undergoes another use stage (often with a shorter life) or (ii) recycle, where the materials within the HDD are recovered, sent to material processing, undergo production, and ultimately directed to the use stage. At each stage there is some probability of loss that leads to material disposal.
The mass entering the reuse stage in loop  is given by 
. The mass entering the recycling stage (RC) comes from both use and reuse, such that the total input to RC in loop  is 
. After applying the material-specific recycling yield , the resulting fraction is transferred to material processing and subsequently flows through component production and product assembly before entering the use stage. As a result, the mass returning to use at the beginning of loop  can be expressed as:
(4)
Based on this formulation, the cumulative recovered mass of material  after  use cycles are defined as:
    (5)
where the first term represents direct-reuse flow and the second term represents return-to-use flow.
Owing to the probabilistic nature of the lifecycle pathways and the statistical distributions associated with the sojourn times, every HDD will “experience” a different lifecycle. To characterize the average behavior of a scenario across many HDDs, Monte Carlo simulations were performed. For each simulation, , for a given scenario the retained mass of material  at time , , was recorded and interpolated onto a common time grid. The average retained mass over  simulations was then computed as:
 	(6)
and the total retained mass across all materials as:
 		(7)
In all, N = 3000 simulations were performed for each scenario. Plots for  and  allow us to visualize both the magnitude and composition of the retained material mass over time.
4. Results and Discussion
Figure 3 compares the ratio of cumulative recovered mass to the initial material mass for each material for each scenario. As a reminder, the cumulative recovered mass is the mass of an initial product that is successfully recovered and reused across multiple lifecycles. Under the BAU scenario, most of the recovered mass is attributable to the recycle pathway, with the reuse pathway having only a small share. For the reuse-focused scenario (which has a much larger probability associated with the use to reuse transition), both the recycle and reuse pathways make substantial contributions to the cumulative recovered mass. Under the REE-focused recycling scenario, the behavior seen in the BAU, where recovered mass is driven primarily by the recycle pathway with only limited reuse, becomes even more extreme. This scenario prioritizes the recovery of REE. Recovery yield rates for Fe, Nd, Pr, and Dy increase while the rate for Al and Cu reduce. Overall, the BAU scenario is reasonably effective at encouraging multiple uses of Fe, Al, and Cu. The reuse-focused scenario achieves even higher rates of recovering Fe, Al, and Cu. The REE recovery scenario makes it clear that to recover rare earths will likely come at the expense of recovering Al and Cu.
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Figure 3. Material-wise cumulative recovered mass relative to initial mass.

Figure 4 (a-c) illustrates the composition of material mass retained in the system as a function of time for each of the three scenarios. These graphs are based on the Monte Carlo simulations; the masses shown are the averages across the simulations. All scenarios begin with an initial HDD mass of 750g and exhibit a gradual decline as material is lost across each lifecycle, with the behavior dictated by residence time distributions and each scenario’s transition probabilities and material-specific recycling yield rates.
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Figure 4. Retained material masses across time for three EoU scenarios.

For the BAU scenario (Fig. 4(a)), it is evident that the mass remains constant for the first few years – this is associated with the initial use stage of the HDD. Once end of life processing begins (recycling or reuse), the elements other than Al, Fe, and Cu quickly decline. At later times, Al, Fe, and Cu dominate the retained mass due to their relatively high recycling yield rates (0.85, 0.94, and 0.97), whereas other materials decline rapidly owing to their very low recycling yield rates (the reuse pathway does allow some of these materials to persist in the system). The total retained mass declines rapidly, dropping to about 57% of its initial value at 5 years and 20% at 10 years. Nearly all the mass leaves the system within 20 years. For the reuse-focused scenario (Fig. 4(b)), more material mass is retained in the system than for the BAU scenario because a greater fraction is directed to reuse. This extends material residence time in the system. In terms of the total retained mass, it drops to 73% at 5 years, 32% at 10 years, and 7% at 20 years. Like the BAU scenario, most of the material still exits the system within two decades. For the REE-focused recycling scenario (Fig. 4(c)), recovery of REEs is prioritized. Retaining REE mass comes at the cost of losing substantial amount of the other materials. In terms of total retained mass, it is 65% of the initial value 5 years, 31% at 10 years, and 9% at 20 years. Although recycling yield rates for the REEs are increased substantially, the overall retained mass is lower than for the other scenarios because the recycling yield rates for Al and Cu are considerably reduced. Owing to the better recycling yield rate for REEs, the retained mass for the REEs is 72% at 5 years, 40% at 10 years, and 14 % at 20 years. Going forward, developing industrial processes that recover high percentages of REEs, and Al and Cu is required.
5. Summary and conclusions
The developed SMP model is a generalized Markov model that quantifies individual material flows from HDDs temporally. The approach shows promise in resource management and can be adapted in the context of other complex products. One limitation of this study is obtaining detailed probability distributions for the residence times associated with each lifecycle state. Therefore, uniform distributions were assumed based on the ranges of residence times for each life cycle state from the literature. While this is a reasonable approximation, actual residence times may follow different statistical distributions. Future work aims to validate the model via rigorous sensitivity analyses, comparison with empirical data and alternate modeling approaches.  There lies opportunity to extend this work to other server sub-assemblies, and indeed other complex products that comprise multiple components and materials. Extending this work to quantify economic and social implications, given complex CM geopolitics will be useful. Developing standardized means to record process relevant data (e.g., holding times, transition probabilities, and product compositions) will enable greater model reliability.
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(c) REE-focused recycling scenario
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