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ABSTRACT

Research into secondary recovery of rare earth elements (REE) has focused mostly on hard disk
drives and automotive applications. While REE content in Japanese and European vehicles is
relatively well-known, understanding of U.S. vehicles is mostly based on database analysis. An
attempt to pinpoint which components contain the most REEs was conducted on four different
vehicle models including the Ford F-150, Chevrolet Silverado, Toyota Corolla and Honda
Accord. The disassembly data were combined with 2017 vehicles in operation to estimate stocks
and flows of Neodymium-Iron-Boron (NdFeB). Results showed that U.S. vehicles had major
differences compared to Japanese and European vehicles. NdFeB magnets were only found in
speakers ranging from 16 to 114 g/vehicle. An estimated 3.0 — 14 tonnes of NdFeB could be
available from end-of-life vehicles in 2018 from different cohorts of the four aforementioned

models. While opportunities for recycling NdFeB in vehicles exist, challenges are also present.
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1. INTRODUCTION

Over the course of the past 30 years, Neodymium-Iron-Boron (NdFeB) magnets have become
the main driver of the global rare earth element (REE) market. After a 2010 — 2011 REE price
spike, concerns have grown in the global community about adequate NdFeB supply for clean
energy technology, national security, consumer electronics and other ubiquitous applications
(U.S. Department of Energy, 2011). NdFeB recycling has been investigated as a strategy for
reducing this supply risk. While significant study has focused on NdFeB recovery from
consumer electronics such as hard disk drives (HDDs) due to their consistent form factor, less
focus has been put on assessing NdFeB recovery from conventional vehicle ancillary motors.
This emphasis seems unusual, given 2016 estimates that indicated automotive applications and
HDDs accounted for 26% and 16% of NdFeB consumption, respectively (Benecki, 2017).
Furthermore, closer investigation and applied research suggested that while NdFeB recovery
from HDDs could be profitable, the impact of the recovered REEs on the supply chain would be

limited (Nguyen et al., 2017; Sprecher et al., 2014).

NdFeB is one of the preferred permanent magnet alloys due to its superior induction and
coercive force (Brown, 2016). This trait has facilitated miniaturization of technology, which has
made it into the automotive sector. Over time, NdFeB has replaced many contemporary
permanent magnet materials such as aluminum-nickel cobalt, ferrite and samarium-cobalt
(Constantinides, 2016). REEs such as praseodymium (Pr), neodymium (Nd), gadolinium (Gd),
dysprosium (Dy) and terbium (Tb) typically account for up to 32 % weight (wt%) of overall
NdFeB mass (Habib et al., 2014; Speirs et al., 2013). In 2016, NdFeB demand accounted for
80,000 tons globally (Benecki, 2017). This demand is expected to grow by 4 — 5% per year

between 2016 and 2021(Roskill, 2016). Almost all NdFeB consumption has been sourced from
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Chinese or Japanese fabrication and Chinese primary production, with secondary NdFeB
production from recycling playing a limited role (Gambogi, 2018; Ministry of the Environment,

2013).

Recent research into secondary REE recovery has geared toward estimating magnet content in
vehicles due to higher consumption volumes and recycling rates. European and Japanese
vehicles are well-characterized (Andersson et al., 2017; Cullbrand and Magnusson, 2012; Du et
al., 2015; Ministry of the Environment, 2013; Restrepo et al., 2017; Widmer et al., 2015; Xu et
al., 2016; Yano et al., 2016), but there are only two studies on U.S. vehicles (Alonso et al., 2012;
Field et al., 2017). In addition, both U.S.-focused papers analyze material content based on
original equipment manufacturer (OEM) material and vehicle component databases. Although
this approach is useful for providing a big picture of material content in U.S. vehicles, it is less
useful for determining how feasible it may be to disassemble a specific component from a

vehicle or how material consumption has changed over time.

This study is the first attempt to collect primary data on NdFeB magnet content from U.S.
vehicle ancillary motors at a component level by disassembling end-of-life vehicles (ELVs). U.S.
vehicles are a particular focus because of the supply risk posed by REEs in the U.S.. NdFeB
magnet recycling is a potential strategy to mitigate this supply risk, and our study serves to
assess this strategy from a feasibility perspective in terms of NdFeB available for recovery from
conventional U.S. vehicles (U.S. Department of Energy, 2011). Our focus is ancillary motors of
conventional vehicles, as opposed to the larger motors and generators within the propulsion
system of hybrid and fully electric vehicles, which have been discussed previously (Bandara et
al., 2016). Although hybrid vehicles contain more NdFeB magnets, in the U.S. there are ~5

million units on the road today compared to ~260 million conventional vehicles. (Hedges and
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Company, 2018). We disassemble ancillary motors from four top-selling vehicles in the U.S.
market: two light duty trucks (Ford F-150 and Chevrolet Silverado) and two passenger cars
(Toyota Corolla and Honda Accord). The composition of recovered magnet samples are
analyzed using x-ray fluorescence (XRF). These measured compositions, combined with
compositions provided in the literature then provide an idea of total REE content in NdFeB in
particular U.S. conventional vehicles (Constantinides, 2015; Habib et al., 2014; Vander
Hoogerstraete et al., 2014). We then use data on 2017 vehicles in operation to estimate NdFeB
and total REE content in in-use and end-of-life U.S. vehicles. This paper is structured as follows:
Section 2 provides a brief literature review of previous studies, Section 3 discusses the methods
used in this study, Section 4 presents the results and discusses their significance compared to

previous studies and Section 5 provides a summary conclusion of the study.

2. LITERATURE REVIEW

International efforts to characterize scarce and precious metal content in ELVs have emerged
since 2009 (Du et al., 2015). These studies applied several different techniques and arrived at
somewhat different conclusions. Given the goal of this research to complement these previous
efforts, they merit detailed discussion. The Japanese Ministry of the Environment has
characterized automobile shredder residue (ASR)(Ministry of the Environment, 2010), engine
computers, airbag computers and airbag couplers from all ELVs and NdFeB magnets from
hybrid vehicles (Ministry of the Environment, 2012, 2013). Insignificant amounts of REEs (e.g.,
Nd, Dy, Tb, samarium (Sm)) from magnets were found in ASR due to magnetic separation
before shredding (Ministry of the Environment, 2010). The market value of ELV computer
components was mostly in gold, palladium, silver and copper (Ministry of the Environment,

2013). On average, ~1.4 kg of NdFeB magnets were found per hybrid vehicle. Average magnet
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compositions showed ~18 wt% Nd, ~5 wt% Pr and ~9 wt% Dy (Ministry of the Environment,
2013). Other studies on Japanese vehicles were conducted (Yano et al., 2016) (Xu et al., 2016).
A hybrid transmission motor of a Toyota Prius contained 486 g REEs (including Nd, Pr and Dy)
in a 1997 model, 457 g in a 2003 model and 335 g in a 2009 model (Yano et al., 2016). REE
content in a 1997 Prius Nickle-Metal Hydride (NiMH) battery pack (notably lanthanum (La),
cerium (Ce), Pr and Nd) was estimated to be 2.6 kg (Yano et al., 2016). Vehicle REE content has
been distinguished in both magnet and non-magnet applications across vehicle size, model year
and component installation rates (Xu et al., 2016). Electric power steering motors were found to
account for ~95 g REE/vehicle and ~79 g REE/vehicle in a Toyota Crown and Toyota Prius
(model year 2003 and newer), respectively. Electric air compressors of a hybrid vehicle also
contained 13 — 19 g REE/vehicle for 2003 models onward, with a decreasing trend over time. In
short, among vehicle models 2003 and newer, about 112 g REEs/vehicle were found in standard
conventional cars and 2.2 kg — 3.0 kg REEs/vehicle in hybrids. Most REE content in a hybrid
vehicle was concentrated in its NiMH battery cell (between 80% and 84%). In addition, REE

content in vehicles was assumed to be correlated with vehicle weight/size.

Research on European vehicles was conducted on hybrid and conventional diesel and gasoline
vehicles. The International Material Data System (IMDS) has been used to estimate 31
potentially critical metals in four diesel Volvo vehicles made for the Swedish market: (1)
conventional midsize car with low specifications (CML), (2) conventional midsize car with high
specifications (CMH), (3) conventional large car with medium specifications (CLM) and (4)
hybrid midsize car with medium specifications (Cullbrand and Magnusson, 2012). In the hybrid
midsize car, ~532 g Nd/vehicle and ~130 g Dy/vehicle were mostly found in the traction motor

and alternator. CMH had the second highest amount of magnet materials at ~ 206 g Nd and ~27



110 g Dy/vehicle, located in the high-performance audio system, steering systems and seat

111 adjustment motors. CML contained more Nd (43 g/vehicle vs. 28 g/vehicle) but slightly less Dy
112 (~1 g/vehicle vs. 2 g/vehicle) than CLM. These results suggested that higher grade equipment
113 also led to an increase in magnet materials, mainly in the audio system and seat adjustment

114  motors. However, an increase in size was not correlated with an increase in magnet material use
115  because a midsize with high specifications contained more magnet materials than a large size
116  with medium specifications. The size increase mostly affected metallurgical application

117  materials such as manganese (Mn) and niobium (Nb) due to body structure and chassis

118  (Cullbrand and Magnusson, 2012). Model year was believed to have more impact on material
119  mass than size. The CLM’s model year was a couple years older than the other three vehicles.
120  However, since the study didn’t provide specific model years, the timing of increased magnet

121 material use in vehicles was unclear.

122 Another study on European vehicles was conducted to estimate 31 scarce metals in electronic
123 equipment of 2003 — 2008 conventional passenger cars of various makes (Widmer et al., 2015).
124 They carried out two independent experiments: (1) disassembled 119 spare parts across six

125  device categories including electrical machines, consumer electronics, contacts, sensors,

126  controllers and user interfaces and (2) analyzed six ELV shredder fractions from 100 shredded
127  ELVs obtained from a Swiss shredder plant. This research reflected two different approaches

128  where the first experiment was input-driven and the second was output-driven. Comparison

129  between hypothetical cars constructed by input-driven and output-driven approaches showed that
130  a mid-range car from the first experiment had higher Nd content (240 g/vehicle vs. 210

131  g/vehicle) but lower Dy content (3.6 g/vehicle vs. 12 g/vehicle) and Pr content (7.3 g/vehicle vs.

132 30 g/vehicle). This methodology was the basis for a follow-on study to inform a dismantling
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strategy for Swiss cars (Restrepo et al., 2017). By examining three vehicle cohorts (or model
years) — 2000, 2007 and 2014 — they depicted a trend in eight critical metals. They found that
newer cohorts had a higher number of electronic control systems, although the number of
electronic equipment might or might not increase due to integration/replacement. Nonetheless,
the quantity of critical metals increased with the newer cohorts. Nd content was found at 3
g/vehicle, 20 g/vehicle and 40 g/vehicle for cohort 2000, 2007 and 2014, respectively. Dy
showed a similar trend, with 0.1 g/vehicle, 2 g/vehicle and 5 g/vehicle for cohort 2000, 2007 and
2014, respectively. Major components with high NdFeB magnet content in a conventional
passenger car included alternators, starter motors, radiator fan motors, electronic power steering

motors and speakers.

Research on critical metal content in U.S. cars is limited to only a couple studies (Alonso et al.,
2012; Field et al., 2017). In one study, component data from suppliers and estimated REE
content for two types of hypothetical North American sedans were compiled. They reported that
about 290 g Nd (or 66% of 440 g total Nd) could be found in a hypothetical conventional
gasoline midsize sedan (Alonso et al., 2012). Nd content in a hypothetical full hybrid sedan was
estimated to be higher at ~767 g/vehicle. Among the top 12 components with the highest
reported REE content, Nd occurred in 11 components including motor and generator, heating
ventilation and air conditioning compressor, transmission, brake pedals, speakers, anti-theft
system, door hardware, steering column, alternator, and lift gate. A recently published study
improved our understanding of U.S. vehicles by comparing 27 metals in passenger cars and light
trucks (Field et al., 2017). They gathered data from the IMDS (similar to (Cullbrand and
Magnusson, 2012)) to assess materials in four 2013 Ford vehicles including the Fiesta, Focus,

Fusion and F-150. Trucks contained more REEs than cars (133 g vs. 82 g). While REE mass in a
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truck was concentrated in the drivetrain, REE content in a car was spread out among drivetrain,
suspension and electrical components. Although this study did not provide further detail into
specific magnet materials, its total REE estimate in a conventional car was much lower than
previous U.S. estimates (Alonso et al., 2012), given similar methodology. To shed some light on
REE magnet material content at the component level in U.S. vehicles, it is important to conduct
vehicle disassembly. In order to have robust data regarding metal content in vehicles, an explicit
description of vehicles including manufacturer, model, model year, mass and the hierarchy
should be included (Du et al., 2015). As previously discussed by other authors, disassembly is
costly and subjected to underestimation due to selection of component subsets to save cost (Du et
al., 2015; Field et al., 2017). With this in mind, the purpose of this paper is to validate previous
studies rather than obtain a statistically representative sample across vehicle types and cohorts.
Ultimately, this effort aims to guide future REE recycling efforts to focus on certain components

having a reasonably high amount of REE and a feasible disassembly path.

3. METHODS

Given our focus on ELV prevalence and availability, we chose to focus on ancillary motor

components of conventional vehicles. We set out to answer the following questions:

1. Which practically accessible components contain NdFeB magnets?

2. How do size and vehicle type (trucks vs. cars) affect NdFeB content in the identified

components?

In the first question, the term “practically accessible” means that the components under

consideration are easy to recover from a vehicle (take a reasonable amount of time and effort)
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relative to their intrinsic material value. In other words, the components of interest are traded on
a market (used parts, recycling feedstock, etc.). By using the term “practically accessible”, we
acknowledge that we might miss some components containing NdFeB, but these parts are not
currently traded and therefore require more effort to procure. With the second question, we try to

understand the effect of size on U.S. vehicles given conflicting evidence from the literature.

3.1 Vehicle disassembly

We compiled a list of components of conventional vehicles that were reported to contain
significant amounts of permanent magnets and rare earth permanent magnets (Restrepo et al.,
2017; Widmer et al., 2015; Xu et al., 2016). We then reached out to local automotive salvage
yards to obtain price lists for second-hand parts. We shortened the initial list to 18 components

identified in Table 1, based on the price lists.

Table 1: A selective list of ancillary motors in conventional vehicles considered in this study and

other studies (L: listed, A: analyzed).

Our next step was selecting vehicle brands, or makes, that were most representative of those sold
in the U.S.. Based on the data of vehicles in operation for light trucks and cars by manufacturer
in the U.S. (Hedges and Company, 2018), we selected General Motors (including GMC and
Chevrolet trucks) and Ford as the top-selling truck makes and Toyota and Honda as the top-
selling passenger car makes. These makes represent 69% pickups and 25% cars in use. However,
since we only disassembled one vehicle for each brand, the data only represented 3.0% Ford
pickups, 3.2% GM pickups, 2.1% Honda cars and 1.9% Toyota cars. We contacted a local
salvage yard to request the makes and model years of interest. Our initial intent was to

investigate how NdFeB content varied before and after the 2011 REE price spike. However, we
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were dependent on the salvage yard’s ability to procure vehicles from auctions, insurance
companies and repair shops. Vehicles less than 10 years old are still in use and harder to obtain
unless they are salvaged from accidents. As a result, we obtained vehicles with model years from

2009 to 2012, including the following:

e A 2010 Ford F-150 four-wheel drive, four-door, super crew, 145 XL, 4.6 L, automatic

transmission

e A 2011 Chevrolet Silverado 1500 four-wheel drive, crew cab 143.5” LT, 5.3 L, automatic

transmission

e A 2009 Toyota Corolla four-door sedan, 1.8L, manual transmission

e A 2012 Honda Accord two-door coupe V6 EX-L, 3.5L, automatic transmission.

Once the vehicles of interest showed up at the salvage yard, a list of intact and useful

components from the vehicle was compiled. The salvage yard then provided components (listed
in Table 1) with its vehicle identification number (VIN). Upon receiving the parts, we measured
part dimensions and weight. Magnet materials were removed from the part (if present), and
dimensions and weight were recorded. Altogether, we manually disassembled 91 components.
All disassembled magnets (including NdFeB and ferrite) were demagnetized at 450°C for an
hour before being XRF analyzed for composition. Magnet coating was removed mechanically
using silicon carbide sandpaper until the surface of NdFeB was exposed. A benchtop XRF
(Horiba XGT 7200) was used to identify magnet types and estimate the elemental composition of
magnets. Although XRF has a lower precision compared to other methods such as inductively

coupled plasma (ICP), it provided faster results and lower cost by removing extra steps of sample

10
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preparation such as grinding magnets to fine particles and dissolving into solution. In addition,
because test results of one vehicle informed components to be procured in the next vehicle, time

and cost were key in our study.

3.2 Estimates of NdFeB content in the in-use stocks and end-of-life flows in 2018

Components from the four disassembled vehicles that were found to have NdFeB content could
also be inferred to be found in vehicles beyond those models disassembled. Based on publicly
available buyer’s guides of automotive parts (e.g., NAPA auto parts website (National
Automotive Parts Association (NAPA), 2018)), a given part or component’s compatibility with
other vehicle makes, models and years can be determined. For speakers, since they are
accessories, they can be used in various combinations: (1) round front speakers with/without
tweeters and oval rear speakers; (2) oval front speakers, round rear speakers with/without rear
and/or front tweeters; and (3) additional speakers in the trunk. We only conducted an estimate for
NdFeB content in speakers by considering vehicles within the same make and model. Table 2
shows how speakers can be used interchangeably across different model years. An example of

starter motor fitting can be found in Table S1 of the Supporting Document.

Table 2: Vehicle speaker compatibility across model years (Crutchfield Corporation, 2018).

Using the data of light duty vehicles in operation of 2017 (Hedges and Company, 2018), we
calculated the NdFeB content in all vehicles in operation (or material stock) for (1) the same
model year we disassembled and (2) the inferred makes, models and model years. We also
computed the end-of-life flow for the year 2018 based on vehicle failure rate (or survivability) as
an example for estimating the end-of-life flow. We assumed that a vehicle was sold in the same

calendar year as its model year. This assumption was made because sales data only track vehicles

11
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by calendar year (Wards Intelligence, 2017) whereas new model years start on October 1% of the
previous year (Mateja, 2017). Survivability rate for light duty trucks was cited from (Lu, 2006 ),
while passenger car survivability was from (Xu et al., 2016). Although the former analysis was
for both trucks and cars, the vehicle data were dated (from 1977 to 2002) and reflected low
survivability compared to 2017 data on vehicles in operation by Hedges and Company (Hedges

and Company, 2018). Calculations steps followed equations 1 through 4:

Vt 20
Veo = 2297 (1)
2017

Tt2018 = St2018 — St2017 (2)

Vieot 2018 = Vi,0 * Tt2018 (3)

MpyareB,eol 2018 = Y21 Muarep * Vi eotz018 (4)

Where:

Vio: Initial number of vehicles with model year t, t € [2007,2014]

Vi2017: number of vehicles with model year t in operation by the end of 2017

St2017: survivability rate of model year t vehicles in 2017, i.e. vehicle age equals 2017 —t
St2018: survivability rate of model year t vehicles in 2018, i.e. vehicle age equals 2018 —t
1i2018: mortality rate of model year t vehicles during 2018

Vol 2018: number of end-of-life vehicles in 2018

MndreB.eol 2018: Weight of NdFeB in end-of-life vehicles across all model years of interest in 2018

12
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mygreg: content of NdFeB per vehicle (obtained from disassembly work)

t;: starting model year of the inferred vehicle brands

t,: ending model year of the inferred vehicle brands

4. RESULTS & DISCUSSION

4.1 Initial disassembly measurements and observations

Initial disassembly results suggested that American vehicles differed from Japanese and
European counterparts significantly. First, none of the alternators contained permanent magnets
since they were electromagnetic. While (Widmer et al., 2015) did not indicate permanent
magnets in their sampled alternators in vehicles manufactured between 2003 and 2008, (Restrepo
et al., 2017) and (Cullbrand and Magnusson, 2012) showed REEs in alternator magnets of
vehicles. Since vehicle makes, trims and model years were not identified in most of the
references, it was difficult to draw a useful conclusion about magnet content and type in
European vehicle alternators. Second, motors reported to contain significant amount of REEs in
Japanese (Xu et al., 2016) and European (Restrepo et al., 2017) vehicles (such as the starter
motor, radiator fan and electronic power steering) only contained ferrite magnets in American
vehicles. Of all four vehicles, only the Toyota Corolla had electronic power steering while the
remaining vehicles had hydraulic steering. This showed that the technology adoption rate of
electronic power steering is still slow, more so in trucks than cars. This result is confirmed by
recent projections suggest that electronic power steering will only maintain a 1/3 of the light-
duty vehicle market until 2050 (U.S. Energy Information Administration, 2017). An extended list

of motors containing ferrite instead of NdFeB magnets included: throttle actuator, hydraulic

13
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modulator, window motors, windshield wiper motors and windshield washer pump. These results
suggested that American vehicles did not utilize NdFeB magnets intensively in ancillary motor

applications.

A complete list of motors and their magnets are shown in Table 3, accompanied by weight and
sorted by magnet weight in descending order. The subwoofer and speakers found in the Ford F-
150 were from an optional factory upgrade (i.e., the owner added an OEM sound system to the
standard sound system). The Chevrolet also came with aftermarket front door speakers. To
compare with the OEM configuration, we bought and disassembled a pair of OEM front door
speakers. Both results are recorded in Table 3. However, it should be noted that the date of
manufacture for these purchased OEM speakers was not known, and may not necessarily be
identical to OEM speakers that would otherwise have been found in a 2011 Chevrolet Silverado.
Further detail on this issue is described in Section 4.5. The disassembled Toyota Corolla did not
have power seats or a sunroof. We purchased these two types of motors from another Corolla of
the same model year but with a luxury package. In the Honda, we only disassembled seven major
components to verify results from the previously disassembled vehicles. A detailed discussion of

ferrite magnet composition is included in the Supporting document.

Table 3: Component and magnet information of four disassembled vehicles'

4.2 Ancillary motors with NdFeB magnet content

Of all the disassembled motors, NdFeB magnets were only found in speakers. Visually, NdFeB

magnets can be easily distinguished from ferrite magnets by their transition metal coating. Also,

1 . .
All numbers are rounded to the nearest gram (g). Units for component mass and magnet mass are g/component and g/vehicle,
respectively unless otherwise noted. (-) component not found in vehicle or not analyzed.

14
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same-size speakers containing NdFeB weigh between 1.6 — 2 times less than ferrite magnet-
containing motors. While NdFeB magnets were found in front speakers of trucks, they were
found in both front and rear speakers of cars. Rear speakers were found in doors for trucks and
the rear dashboard (or deck) for cars. One explanation for this is to save space due to multiple
electronic components in the front door, while the rear door/deck is more spacious. However,
since the OEM front door speaker of the Chevrolet did not contain any NdFeB magnets, it is
likely that NdFeB magnets are only found in luxury pickup trucks. The other possibility is that
the Chevrolet pickup’s OEM speaker was manufactured more recently and did not reflect what

happened in 2011.

Figure 1: NdFeB magnets from four disassembled vehicles. (1) Front speakers of 2010 Ford F-
150, (2) Front and rear speakers of 2012 Honda Accord, (3) Rear speakers of 2009 Toyota
Corolla, (4) Front speakers of 2009 Toyota Corolla, and (5) Aftermarket front speakers of 2011
Chevrolet Silverado.

Magnet shapes and configurations also differed between cars and trucks. While truck speakers
contained a single ring magnet per speaker, car speaker magnets contained one to two disks per
speaker (Fig.1). All vehicles had nickel-coated magnets with the exception of the Chevrolet,
which had aluminum-coated magnets. Nd content in these magnets were measured at ~ 25 wt%.
Dy was not found in truck magnets but was found in car magnets at 3.8 wt% - 4.5 wt%.
Europium was only found in Honda’s magnet at 2.9%. Overall, the Toyota magnets contained
29.5 wt% REEs (25 wt% Nd and 4.5 wt% Dy) while the Honda magnets contained 31.7 wt%
REEs (25 wt% Nd, 3.8 wt% Dy and 2.9 wt% Eu). NdFeB content per vehicle was found at 114g
for the 2010 Ford F-150, 16g for the 2011 Chevrolet Silverado with an aftermarket upgrade, 36 g

for the 2009 Toyota Corolla and 84g in the 2012 Honda Accord. These numbers translated into 4

15
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— 30 g REEs/vehicle. A comparison of our results with published results by other authors for

conventional vehicles is shown in Table 4.

Table 4: Comparison of REE contents in different studies.

Among the U.S. studies, total REE magnet content varied significantly. Results from (Alonso et
al., 2012) showed the highest amount by analyzing data for 76 components, excluding speakers
and navigation system, in a hypothetical mid-size sedan. (Field et al., 2017) investigated the
entire sets of parts in three 2013 Ford vehicles using the same methodology. Although the
amount of components were larger in the latter study compared to former, specific vehicle make
and model year lowered the REE content. However, the IMDS records global information, which
is not specific for the U.S. market. The latter study observed data issues such as inconsistent
reporting of component mass and composition, repeating parts, missing parts, and data entry
errors (Field et al., 2017). Our results showed lower NdFeB magnet content since we
strategically analyzed 18 components in each vehicle that were most-likely to contain NdFeB

according to the literature, and only found NdFeB magnets in speakers.

In an attempt to find speakers that were manufactured well-after the price spike, a pair of front
speakers was procured from a 2015 Ford F-150 SuperCrew 157” XLT with HD Payload Pkg.
Although the 2015 Ford F-150 speakers came from a higher trim package than the 2010
counterparts, they only contained ferrite magnets. Figure 2 shows a side-by-side comparison of a
ferrite magnet and NdFeB magnet from the 2010 and 2015 Ford F-150 front speakers having
comparable dimensions. However, these speakers were OEM standard speakers, unlike the
factory upgrade speakers retrieved from the 2010 F-150. Comparison of these speakers with
regard to NdFeB content across model years should be made with caution since 2010 Ford F-150

standard OEM speakers were not disassembled and analyzed in this study.
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Figure 2: Permanent magnets found in front speakers of Ford F-150 trucks. (1) 2010 model year
(NdFeB), and (2) 2015 model year (Ferrite).

4.3 Effect of vehicle size on NdFeB magnet content
Based on the four vehicles considered, vehicle size and NdFeB content were not correlated.
Initially, we expected to see more NdFeB in trucks since they have more space to control (i.e.,
larger cabin to heat and cool, larger engine volume), which could correlate to larger and more
energy-dense components. However, as we only found NdFeB in speakers, it showed that saving
space by using lighter motors and smaller magnets in American trucks was not needed. We, in
turn, expected to get more NdFeB magnets in cars, especially within the power steering motors.
Instead, we found that the Honda had a hydraulic steering system while the Toyota only
contained ferrite magnets in its power steering motor. This result suggested that saving space in
American cars was not needed either. In general, vehicles in the U.S. markets are well-known for
being spacious compared to European and Japanese vehicles where compactness is important.
Due to the lack of necessity for saving space and weight, the American automobile industry

could have more flexibility in using less costly magnet types to achieve the same performance.

Speakers are considered accessories for vehicles and are therefore subjected to change. Both
trucks had some upgrade, either for the subwoofer or the front speakers. The Honda was a two-
door coupe and contained more NdFeB than a four-door Toyota sedan. This result agreed with
previous observations that vehicles with more luxurious options contain more NdFeB in their

entertainment systems (Cullbrand and Magnusson, 2012).

4.4 Estimates of NdFeB magnet in vehicle in-use stocks and end-of-life flows in 2018
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The first estimate was conducted for in-use stocks at the end 0of 2017 and ELV flows in 2018 of
the four disassembled vehicles. Stocks of NdFeB magnets within in-use vehicles showed that
2011 GM pickups (including Chevrolet Silverado and GMC Sierra) contained the lowest amount
and the 2010 Ford F-series the highest amount at 10 tonnes and 56 tonnes in 2018, respectively.
These numbers translated into 2.4 and 15 tonnes of magnet REE for 2011 GM pickups and 2010
Ford F-series, respectively. The 2009 Toyota Corolla estimate for NdFeB was lower than the
2012 Honda Accord at 12 tonnes and 25 tonnes, respectively. Stocks of REE in 2009 Toyota
Corolla and 2012 Honda Accord were 3.3 and 7.1 tonnes, respectively. Flows of NdFeB and
REE from end-of-life vehicles for 2018 indicated the same amount for 2011 GM pickups, 2009
Toyota Corolla and 2012 Honda Accord at 0.3 tonnes NdFeB/year (0.08 tonnes REE/year).
Approximately 2.0 tonnes/year of NdFeB (0.5 tonnes/year of REE) can be expected from ELV

2010 Ford F-series pickup trucks.

The second set of calculations was for inferred vehicle cohorts, as shown in Figure 3. While the
order of stock size by vehicle make was similar to the stock size of one cohort, the flow size
showed some differences. The 2009 — 2013 Toyota Corolla contained 0.8 tonnes NdFeB/year
(0.2 tonnes REE /year). The 2007 — 2013 GM pickups and the 2008 — 2012 Honda Accord had a
flow size of 2.3 tonnes NdFeB /year (0.6 tonnes REE /year). The 2009 — 2014 Ford F-series
dominated the ELV flow with 9.0 tonnes NdFeB/year (2.4 tonnes REE/year). In essence,
between 3 and 14 tonnes/year of NdFeB (0.9 and 3.8 tonnes REE/year) could be expected from

these four specific vehicle makes and models.

Figure 3: Estimates of stocks and flows of NdFeB content in inferred vehicle cohorts.
*Calculations are based on NdFeB found in aftermarket or factory upgrade speakers, and

therefore should be interpreted as the maximum NdFeB content to be expected.
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4.5 Uncertainties and limitations of our analysis

The uncertainty of our analysis can be described in three separate areas: (1) the number of
considered components, (2) the number of inferred cohorts containing the same amount of
magnets, and (3) basing NdFeB content on vehicles containing aftermarket or factory upgrade
products. Regarding the first issue, our research analyzed more samples compared with the other
studies listed in Table 1. Although more components containing NdFeB magnet REEs were
reported (Alonso et al., 2012), we only found ferrite magnets in some of these same components
such as the lift gate, steering column, door hardware and compressor. One possible explanation
for the lack of NdFeB is that brake pedals and transmission components contain less NdFeB
magnets in U.S. vehicles because the need for saving space and weight is not as important as in
other countries. In another disassembly study on electrical and electronic equipment in Europe, a
large amount of motors thought to contain NdFeB magnets turned out to have ferrite magnets
such as fans, electric hand tools, and leisure and sports equipment (Lixandru et al., 2017).
Although the subjects of disassembly of this study were not directly related to ours, it
complemented our findings that the usage of ferrite magnets are common to reduce costs while

saving space and weight are not always central to the product performance.

Regarding the second issue, we chose four of the most common pickup truck and passenger car
brands, which comprise of 69% pickups and 25% cars in use (Hedges and Company, 2018).
However, since we only disassembled one vehicle for each brand, the data only represented 3.0%
Ford pickups, 3.2% GM pickups, 2.1% Honda cars and 1.9% Toyota cars. Altogether, the four
disassembled vehicles resembled 5.4% of total cars and pickups in use. This number was
calculated by dividing all the inferred cohorts by the total count of in-use passenger cars and

pickups in 2017. Although we did not capture most vehicles in use with these vehicles, this
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sample size was adequate for the first attempt to gather primary data for corroborating
comparable studies on NdFeB and REE content in U.S. vehicles (Alonso et al., 2012; Field et al.,

2017).

Finally, speakers retrieved from the 2010 Ford F-150 and the 2011 Chevrolet Silverado were
coincidentally either aftermarket or factory upgrades to the standard, or OEM, speakers. This
means that comparing speakers within the same model should be made with caution. NdFeB
content in GM pickups is inferred from the aftermarket speakers retrieved from the 2011
Chevrolet Silverado mentioned in Section 4.1. Similarly, NdFeB content in Ford F-150 pickups
is inferred from the factory upgraded speakers obtained from the 2010 Ford F-150. Therefore,
these estimates of NdFeB availability may not be typical of 2007-2013 GM or 2009-2014 Ford
pickups. It should instead be interpreted as a liberal estimate of NdFeB content in pickup trucks
and their inferred cohorts. On the other hand, speakers obtained from both of the disassembled
cars (i.e., 2009 Toyota Corolla and 2012 Honda Accord) were standard OEM components.
Therefore, these estimates should be considered conservative estimates of NdFeB content in U.S.
conventional vehicles.

4.6 Opportunities for recycling NdFeB magnets from vehicle speakers

Although our initial estimate of NdFeB content in ELVs of four vehicle makes didn’t suggest a
significant number, opportunities for recycling NdFeB magnets from vehicle speakers exist.
First, vehicle recycling is the most efficient recycling sector in the U.S. with >95% collection
rate and 75% material recovery rate (Daniels et al., 2004). Since vehicle recycling is already
profitable, adding another revenue stream from NdFeB could be attractive. Second, our
fieldwork indicates that it takes a professional technician between 5 and 10 minutes to pull a

speaker from the vehicle and 3 — 5 minutes to remove the magnets. NdFeB magnets can be
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distinguished from ferrite magnets easily by its coating due to its sensitivity to oxidation (Lucas
et al., 2015), enabling easy sorting. Third, compared with hard disk drive (HDD) recycling,
collecting 14 tonnes of NdFeB magnets only requires collection of ~271,500 vehicles instead of
1.2 million desktop HDDs. Fourth, there are >80 different makes of vehicles in operation, but
our analysis only took into account four of them, which suggests that material availability could
be much higher, especially for high-end vehicles. For better characterization of NdFeB magnets

in other makes and cohorts, more comprehensive disassembly studies are needed.

However, recycling NdFeB magnets from speakers will encounter some challenges. First, since
speakers are accessories, not all technicians are familiar with the total number of speakers and
their locations in a certain vehicle model. Hence, additional training is necessary to ensure all
NdFeB magnets are collected. Second, ferrite magnets have been used in speakers for decades at
low cost, which makes them preferable to rare earth magnets when magnet prices are unstable
(Constantinides, 2016). As discussed previously, speakers with the same dimension and
configuration might contain different magnet types. Also, speakers are subjected to driver’s
preferences and can be different from OEM speakers. As a result, speaker disassembly is
required to confirm magnet types. Third, NdFeB magnets are strong which can cause a safety
concern if handled with high quantities without proper demagnetization (Ministry of the
Environment, 2013). Finally, a supply chain needs to be established between scrap yards, magnet
remanufacturers and component manufacturers to enable recycling but could take years to
implement. By then, the material flow will change and the focus might be shifted to traction

motors in hybrid and electric vehicles to gain the most profit.

5. Conclusion
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In this study, we manually disassembled 91 components from four of the most common U.S.
vehicles to quantify their NdFeB magnet content. Results showed that NdFeB magnets were
found only in speakers. Specifically, front speakers of upgraded pickups and all speakers of cars
contained 16 to 114 g NdFeB/vehicle. These disassembled vehicles represented 5.4% of total
cars and pickups in use. Our finding shows that NdFeB magnets are not commonly utilized in
these U.S. vehicle motors. Higher end vehicles contain more NdFeB magnets due to more
expensive entertainment systems. Estimates of end-of-life NdFeB magnets in 2018 showed that
3.0 — 14 tonnes/year of NdFeB magnets (0.9 — 3.8 tonnes REE/year) could be available from
end-of-life U.S. vehicles, with at least 3.0 tonnes NdFeB/year coming from the 2009 — 2013
Toyota Corolla and the 2008 — 2012 Honda Accord. Although opportunities for magnet recycling
may exist, it will take time to establish a supply chain that connects scrap yards to magnet

remanufacturers and component manufacturers.

22



472
473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489
490
491

492
493

494
495

ASSOCIATED CONTENT
Supporting Information.

The Supporting Information is available free of charge on the website at DOI:

AUTHOR INFORMATION

Corresponding Author

*Phone: +1 208 526 9611, e-mail: ruby.nguyen@inl.gov

Acknowledgement

This work is supported by the Critical Materials Institute, an Energy Innovation Hub funded by
the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Advanced

Manufacturing Office under Grant AL-12-350-001.

© This manuscript has been authored by Battelle Energy Alliance, LLC under Contract No. DE-
AC07-05ID14517 with the U.S. Department of Energy. The United States Government retains
and the publisher, by accepting the article for publication, acknowledges that the United States
Government retains a nonexclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States

Government purposes.

REFERENCES

Alonso, E., Wallington, T., Sherman, A., Everson, M., Field, F., Roth, R., Kirchain, R., 2012. An
Assessment of the Rare Earth Element Content of Conventional and Electric Vehicles. SAE Int.
J. Mater. Manf. 5, 473-477.

Andersson, M., Ljunggren S6derman, M., Sandén, B.A., 2017. Are scarce metals in cars
functionally recycled? Waste Manage. (Oxford) 60, 407-416.

Bandara, HM.D., Field, K.D., Emmert, M.H., 2016. Rare earth recovery from end-of-life motors
employing green chemistry design principles. Green Chemistry 18, 753-759.

23



496
497

498
499

500
501

502
503
504

505

506
507
508

509
510
511

512
513
514

515
516
517

518

519
520
521

522
523

524
525
526

527
528

Benecki, W.T., 2017. The Global Permanent Magnet Industry, 3rd ed. Mechling Bookbindery &
Bookbinders Workshop, Chicora, PA.

Brown, D.N., 2016. Fabrication, Processing Technologies, and New Advances for RE-Fe-B
Magnets. IEEE Transactions on Magnetics 52, 9.

Constantinides, S., 2015. The Important Role of Dysprosium in Modern Permanent Magnets,
Arnold Magnetic Technologies.

Constantinides, S., 2016. Market Outlook for Ferrite, Rare Earth and other Permanent Magnets,
The International Forum on Magnetic Applications, Technologies and Materials, Jacksonville,
FL.

Crutchfield Corporation, 2018. Find what fits your car. Crutchfield Corporation.

Cullbrand, K., Magnusson, O., 2012. The Use of Potentially Critical Materials in Passenger Cars,
Department of Energy and Environment. Chalmers University of Technology, Gotheburg,
Sweden, p. 68.

Daniels, E.J., Carpenter, J.A., Duranceau, C., Fisher, M., Wheeler, C., Winslow, G., 2004.
Sustainable End-of-Life Vehicle Recycling: R&D Collaboration between Industry and the U.S.
DOE. JOM, 28-32.

Du, X., Restrepo, E., Widmer, R., Wiger, P., 2015. Quantifying the distribution of critical metals
in conventional passenger vehicles using input-driven and output-driven approaches: a
comparative study. J. Mater. Cycles Waste Manage. 17, 218-228.

Field, F.R., Wallington, T.J., Everson, M.P., Kirchain, R.E., 2017. Strategic materials in the
automobile: A comprehensive assessment of strategic and minor metals use in passenger cars
and light trucks. Environ. Sci. Technol.

Gambogi, J., 2018. Mineral Commodity Summary-Rare Earths. USGS.

Habib, K., Schibye, P.K., Vestba, A.P., Dall, O., Wenzel, H., 2014. Material Flow Analysis of
NdFeB Magnets for Denmark: A Comprehensive Waste Flow Sampling and Analysis Approach,
Environ. Sci. Technol., pp. 12229-12237.

Hedges and Company, 2018. U.S. Light Duty Vehicles in Operation in: Hedges and Company
(Ed.), Hudson, Ohio.

Lixandru, A., Venkatesan, P., Jonsson, C., Poenaru, 1., Hall, B., Yang, Y., Walton, A., Giith, K.,
GauB, R., Gutfleisch, O., 2017. Identification and recovery of rare-earth permanent magnets
from waste electrical and electronic equipment. Waste Manage. (Oxford) 68, 482-489.

Lu, S., 2006 Vehicle Survivability and Travel Mileage Schedules National Center for Statistics
and Analysis.

24



529
530
531

532

533
534

535
536
537

538
539

540

541
542
543

544
545
546

547

548
549
550

551
552

553

554
555

556
557
558

559

Lucas, J., Lucas, P., Le Mercier, T., Rollat, A., Davenport, W., 2015. Chapter 14 - Rare Earth-

Based Permanent Magnets Preparation and Uses, in: Lucas, J., Lucas, P., Le Mercier, T., Rollat,

A., Davenport, W. (Eds.), Rare Earths. Elsevier, Amsterdam, pp. 231-249.
Mateja, J., 2017. Why car years are ahead of time. Chicagi Tribune.

Ministry of the Environment, 2010. 2010 Survey to Identify the Characteristics of Automotive
Shredder Residue. Ministry of the Environment.

Ministry of the Environment, 2012. Collaborative ELV recycling innovation project

(Demonstration project on the efficient collection and recycling of precious metals and rare earth

magnets contained in ELVs). Ministry of the Environment.

Ministry of the Environment, 2013. Upgrading Automobile Recycling Collaboration (Validation

Project concerning the Stable Supply and Recycling of Precious Metals used in ELVs).
National Automotive Parts Association (NAPA), 2018. Buyer's Guide. NAPA.

Nguyen, R.T., Diaz, L.A., Imholte, D.D., Lister, T.E., 2017. Economic Assessment for
Recycling Critical Metals From Hard Disk Drives Using a Comprehensive Recovery Process.
JOM, 1-7.

Restrepo, E., Lovik, A.N., Wiger, P., Widmer, R., Lonka, R., Miiller, D.B., 2017. Stocks, Flows,
and Distribution of Critical Metals in Embedded Electronics in Passenger Vehicles. Environ. Sci.

Technol. 51, 1129-1139.
Roskill, 2016. Rare Earths: Global Industry, Markets & Outlook. Roskill.

Speirs, J., Houari, Y., Contestabile, M., Gross, R., Gross, B., 2013. Materials Availability:
Potential constraints to the future low-carbon economy - Working Paper II: Batteries, Magnets
and Materials. UK Energy Research Centre.

Sprecher, B., Kleijn, R., Kramer, G.J., 2014. Recycling Potential of Neodymium: The Case of
Computer Hard Disk Drives, Environ. Sci. Technol., pp. 9506-9513.

U.S. Department of Energy, 2011. Critical Materials Strategy. DOE.

U.S. Energy Information Administration, 2017. Annual Energy Outlook 2017: Technology
Market Penetration in Light-Duty Vehicles, Reference Case.

Vander Hoogerstraete, T., Blanpain, B., Van Gerven, T., Binnemans, K., 2014. From NdFeB
magnets towards the rare-earth oxides: a recycling process consuming only oxalic acid. RSC
Advances 4, 64099-64111.

Wards Intelligence, 2017. 2017 Wards Automotive Yearbook. Wards Intelligence.

25



560
561
562

563
564

565
566

567

568

Widmer, R., Du, X., Haag, O., Restrepo, E., Wéger, P.A., 2015. Scarce Metals in Conventional
Passenger Vehicles and End-of-Life Vehicle Shredder Output. Environ. Sci. Technol. 49, 4591-
4599.

Xu, G., Yano, J., Sakai, S.-i., 2016. Scenario analysis for recovery of rare earth elements from
end-of-life vehicles. J. Mater. Cycles Waste Manage. 18, 469-482.

Yano, J., Muroi, T., Sakai, S.-i., 2016. Rare earth element recovery potentials from end-of-life
hybrid electric vehicle components in 2010-2030. J. Mater. Cycles Waste Manage. 18, 655-664.

26



569

570

571

Figure 1

27



572

573

574

Figure 2

28



575

576

577

Figure 3

woow s
8 & 8

2

NdFeB in vehicle in-use stock (tonne)
=R N
& 8 & 8

o

2009-2014 Ford 2007-2013 GM 2009-2013 Toyota 2008-2012 Honda
F-series* pickups* Corolla Accord

s NdFeB in stock (tonnes) ==e==NdFeB in ELV 2018 (tonnes/year)

[y
o

O B N W & U O N © VO

NdFeB inELV in 2018 (tonne/year)

29



578
579

580

Table 1

No. | Component Restrepo etal. | Widmeretal. | Xuetal. | This study
(2017)(Restrepo | (2015)(Widmer | (2016)(Xu
et al., 2017) et al., 2015) et al.,
2016)

1 Starter motor LA LA - L, A
2 Electric power steering LA - LA LA
3 Alternator LA L - LA
4 Engine cooling LA LA - LA

fan/Radiator
5 Fuel pump L L,A - L,A
6 Anti-lock braking system LA LA - LA

(ABS) pump/hydraulic

modulator
7 Window motor LA LA - L, A
8 Seat adjustment motor L - - L,A
9 Windshield wiper motor LA LA - L, A
10 Mirror motor L - - LA
11 A/C blower motor L - LA L, A
12 Speakers (front and rear) LA - - L, A
13 Windshield washer pump L,A - - L,A
14 2-4 wheel drive actuator L - - LA
15 Transfer case motor L - - LA
16 Sunroof motors L - - L A
17 Door lock motors L - - LA
18 Throttle motor LA - - LA
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Table 2:

Disassembled vehicle

Compatible vehicle

Ford F-150 super crew, 2010

Ford F-150, 2009 — 2012

Ford F-150 without 4.2” LCD, 2013 - 2014
Ford F-150 XL, 2013 —2014

Ford F-150 STX, 2013 —2014

Ford F250 — F350, 2008 — 2014

Chevrolet Silverado 1500 crew

cab, 2011

Silverado crew cab, 2007 — 2013

GMC Sierra, crew cab, 2007 — 2013

Toyota Corolla, 2009

Toyota Corolla, 2010 — 2013

Honda Accord, 2012

Honda Accord, 2008 — 2011
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587
588

Ford F-150

Chevrolet
Silverado

Toyota Corolla

Honda Accord

Vehicle weight (kg)

2,505

2,390

1,235

1,602

Subwoofer
(g/component)

3,180

Subwoofer magnet
(g/vehicle)

1,007

Rear speakers
(g/component)

1,055

557

324

266

Rear speaker
magnets (g/vehicle)

640

295

20%

42%

Seat motors, > 2
motors per seat
(g/seat)

2,700

1,755

1,387

1,666

Seat motor magnets
(g/seat)

296

277

312

105

Power steering
motor
(g/component)

2,467

Power steering
motor magnet
(g/vehicle)

432

Radiator/cooling
fan (g/component)

1,092

1,083

1,010

1,013

Radiator/cooling
fan magnet
(g/vehicle)

336

328

84

166

Front speakers
(g/component)

656

253 (after market)
525 (OEM)

204

266

Front speaker
magnets (g/vehicle)

114*

16* (after market)
292 (OEM)

16*

42+

Starter motor
(g/component)

3,810

3,135

2,949

3,740

Starter motor
magnets (g/vehicle)

266

130

190

216

Window motors
(g/component)

456

531

189

Window motor
magnets (g/vehicle)

123

226

119

Heating & AC
blowers
(g/component)

1,635

1,438

1,163

Heating & AC
blower magnets
(g/vehicle)

199

184

140

Transfer case shift
motor
(g/component)

1,336

1,462

Transfer case shift
motor magnet
(g/vehicle)

181

66
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Ford F-150

Chevrolet
Silverado

Toyota Corolla

Honda Accord

Front windshield
wiper motor
(g/component)

1,198

1,168

691

1,018

Front windshield
wiper magnet
(g/vehicle)

141

134

86

90

ABS actuator
(g/component)

3,130

2,397

1,307

2,142

ABS actuator
magnet (g/vehicle)

141

117

49

89

Sunroof motor
(g/component)

564

Sunroof motor
magnet (g/vehicle)

58

Door latch motor
(g/component)

38

Door latch motor
magnets (g/vehicle)

44

Fuel pump
(g/component)

395

585

213

Fuel pump magnets
(g/vehicle)

43

72

31

Throttle motor
(g/component)

210

Throttle motor
magnet (g/vehicle)

31

Windshield washer

pump
(g/component)

74

84

)

Windshield washer
pump magnet
(g/vehicle)

15

21

Mirror adjustment
motors
(g/component)

94

155

47

Mirror adjustment
motor magnet
(g/vehicle)

23

23

24

Power fold mirror
motor
(g/component)

365

Folding mirror
motor magnet
(g/vehicle)

22

2-4WD actuator
(g/component)

69

2-4WD actuator
magnet (g/vehicle)

21

*: NdFeB magnets
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Table 4

Author Vehicle (Year) Vehicle Component NdFeB Total magnet
market magnet REE ’* content
content (g/vehicle)
(g/vehicle)
Electric power
Toyota Crown (post steering i 4.7
Xuetal., 2016 2003) Japan Magnets, PCBS’
- 97.6
& others
Conventional diesel
midsize car, low-
specified - 45.02
Cullbrand &
Magnusson, Conventional diesel Sweden Magnets & PCBs
2012 midsize car, high- - 238.37
specified
Conventional diesel
large, medium- - 32.03
specified
Widmer et al., | Hypothetical mid- Shredder input - 251.67
2015 range car (2003 — Switzerland | Shredder output - 2535
2008)
An average passenger ) 45
vehicle (2014)
Restrepo et An average passenger . Actuators and
al., 2011)7 vehicle (ZgOO%) ¢ Switzerland controllers i 22
An average passenger ) 31
vehicle (2000) )
76 components,
Alonso et al., | Hypothetical mid- North excluding i 348 — 356
2012 size sedan (2012) America speakers and
navigation system
Ford F-150 (2013) - 133
Field et al., Ford cars (Fiesta, .
2017 Focus and(Fusion) Us. Entire set of parts - 82
(2013)
Ford F-150 (2010) 114 30
Chevrolet Silverado 18 components, 16 4
. 1500 (2010) only found
This study Toyota Corolla Us. NdFeB in 36 10
(2009) speakers
Honda Accord (2012) 84 24

2 Magnet REE includes Nd, Pr, Dy, Tb and Gd.

? PCBs: printed circuit boards

* Including La, Ce, Pr, Nd, Sm, yttrium (Y), europium (Eu), gadolinium (Gd), Tb, Dy, and
others, and unable to separate REEs in NdFeB magnets due to aggregated data.
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