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Abstract—As the implementation deadlines approach, 

the electronics industry is focusing significant efforts on 
compliance with the Restriction of Hazardous Substances 
(RoHS) directive and the Waste Electrical and Electrical 
Equipment (WEEE) directive. The intent of the EU RoHS 
Directive (2002/95/EC) is to restrict the use of six 
substances (lead, mercury, cadmium, hexavalent 
chromium, PBBs and certain PBDEs) in certain electronic 
products. There are a number of methods that companies 
are employing to validate restricted substance compliance 
within the supply chain, including analytical testing.  
Normative test methods are needed for the industry to 
determine the concentrations of the regulated substances in 
electronic products. This paper presents the practical 
application of a handheld X-Ray Fluorescence (XRF) 
analyzer to estimate the concentration levels of restricted 
elements such as lead (Pb) and cadmium (Cd) in electronic 
components.  Through this study, handheld XRF was 
determined to be a suitable screening tool to estimate the 
concentration of regulated substances in electronic 
components with some limitations.  Being quick and easy-
to-use, XRF has shown to be a useful tool for conducting in-
house screening analyses of components to reduce testing 
time and costs. 

Keywords- X-ray fluorescence spectrometry; electronic product 
environmental compliance, restricted materials in electronics  

I.  INTRODUCTION  
For electrical and electronic (E&E) products to be globally 

competitive they must be not only economical and technically 
relevant but also environmentally acceptable. With the existing 
and upcoming regulations governing producer responsibility 
(such as the European RoHS and WEEE Directives), much 
attention is being given to eliminate/restrict the use of 
environmentally-sensitive substances in electronic products. 
Manufacturers will be responsible for ensuring that their 
products comply with these regulations prior to placing their 
products in market. Original equipment manufacturers (OEMs) 
have initiated various programs to comply with these 

regulations including eco-label certifications, supplier 
declaration and/or analytical audit programs. Obtaining 
supplier declarations of conformity (SDoCs per IEC/ISO 
17050), as well as material assay and analytical test 
information, is the primary means of validating RoHS 
compliance within the electronics supply chain. There are 
several industry standardization activities taking place with 
respect to supply chain material declarations (JEDEC, IPC, 
IEC, etc.) 

The RoHS Directive establishes maximum concentration 
values on certain hazardous substances in electronic products. 
As a result the maximum concentration value for lead, 
mercury, hexavalent chromium, polybrominated biphenyls 
(PBB) and polybrominated diphenyl ethers (PBDE) is 0.1% by 
weight in homogenous material, and 0.01% by weight in 
homogenous materials for cadmium [1].  Similar “RoHS-type” 
directives, or portions of the directives, are also being 
developed in the United States and China.  One study estimated 
[2] that to guarantee no banned substances were present in 
electronic equipment, it would be necessary to destructively 
analyze every individual homogenous material, likely 
consisting of thousands of analyses. For OEM’s that have a 
large product offering in a global market, it would be 
unreasonable to conduct full analytical testing for all banned 
substances on all incoming materials and components. This 
approach would be prohibitively expensive and difficult due to 
supply chain intellectual property issues, as well as time to 
market demands.  The RoHS Directive itself does not suggest 
any strategy for compliance or meeting the requirements, as 
compliance will be verified at the EU member state level.  The 
EuroCad project carried out under the umbrella of the CLEEN 
(Chemical Legislation European Enforcement Network), of 
which 11 EU member states participated, calls for action 
against producers who violate existing EU cadmium 
restrictions. Per this report, penalties could range from a 
warning letter to a more stringent financial penalty [3]. 
Because of these circumstances, a screening method capable of 
quickly and accurately quantifying restricted substance 
concentration in electronic components would be useful for 
OEMs.  
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XRF spectrometry is a non-destructive, rapid, simultaneous 
multi-element analytical methodology which is already popular 
in the analysis of soils, metals, paints, alloys, etc. This method 
of analysis is usually less expensive per sample than laboratory 
analysis because of a reduced need for sample preparation, 
transportation, and chain-of-custody documentation. In 
addition, the quick turn-around of results can support urgent 
pass/fail decision-making, and greatly reduce overall testing 
costs [4]. XRF provides a relatively rapid analysis time and 
lower cost-per-sample when compared with other conventional 
spectroscopic techniques. Because XRF is non-destructive, 
samples can be collected and analyzed, then retained for 
verification at a later time. This technology may potentially be 
used as a more widespread evaluation tool if the XRF results 
are proven to be comparable to laboratory analytical testing. 
The purpose of this paper is to present the application of 
portable analytical tools, such as handheld XRF, to screen 
electronic parts and validate the effectiveness of this method 
versus more established analytical methods such as inductively 
coupled plasma atomic emission spectrometric (ICP-AES) 
techniques, and flame Atomic Absorption Spectroscopy 
(AAS). 

II.  EXPERIMENTAL PROCEDURES 
The EPA publication SW-846 [5], entitled Test Methods 

for Evaluating Solid Waste, Physical/Chemical Methods, is the 
EPA’s official compendium of analytical and sampling 
methods that have been evaluated and approved for use in 
complying with the Resource Conservation and Recovery Act 
(RCRA) regulations. Method 6200 outlines the application of 
field portable XRF spectrometry for the determination of 
elemental concentrations in soil and sediment. EPA Method 
3050B describes the standard digestion procedure for analysis 
by AAS and ICP-AES. The EPA Methods were originally 
designed for soil and groundwater testing, but they have 
recently been adapted by 3rd party test labs for use in analyzing 
ground-up electronic material.  At this time, there is work 
underway to develop international test standards for the 
electronic industry (IEC-ACEA x-free standards work group)  

In this study, electronic samples were first tested using the 
portable XRF instrument then identical (replicate) samples 
were further tested by independent labs using ICP-AES 
methods. For the purpose of validation of this technology only 
lead (Pb) and cadmium (Cd) were considered for analysis. 
Table I. below shows the maximum permissible concentration 
levels and standard test procedures available for Pb and Cd. 

TABLE I.  ROHS THRESHOLDS AND  TEST  FOR  LEAD AND CADMIUM 

RoHS 
Element 

Threshold 
Limit     
(ppm) 

Test 
Method Standards 

Lead 1000 

Wet 
Chemical 
and ICP-
AES 

EPA 3050B, EPA 3051A, ISO 
11885,JIS K 0116 

Cadmium 100 

Wet 
Chemical 
and ICP-
AES 

BS EN 1122 method B 
(sample prep for Cd),EPA 
3050B,EPA 3051A, ISO 
11885,JIS K 0116 

A. Instrumentation 
All XRF data was collected using an XRF spectrometer 

having an X-ray tube (Ag anode, 10-35kV, 10-100 µA) and a 
silicon PiN diode detector with a resolution of 250 eV. The 
analyzer fits into a testing stand for operation by either a 
personal computer or a personal digital assistant (PDA). 
Concentration results are provided in parts per million (ppm) 
for elements by data modeling using the Compton 
Normalization method. The handheld XRF equipment is small, 
light-weight, and easily transportable as shown in Figure 1. It 
can be operated in either an in-situ mode where the instrument 
probe is positioned directly on the sample material to be 
analyzed or in an intrusive mode where a portion of the sample 
is presented to the instrument in a thin-windowed plastic cup 
that is placed over the measurement probe. Only the surface in 
contact with this probe is available for quantitative analysis. 
The results are displayed on the PDA and can be stored and 
transferred to a PC. The total testing time for each sample was 
three minutes.  

 

Figure 1.  Portable XRF system connected with PDA 

The analyzer was calibrated using standard reference 
material BCR-680 (Cd in polyethylene–VDA 001-004) from 
the Institute of Reference Materials and Measurements [6]. To 
calibrate the XRF, factory installed/”out of the box” elemental 
rates (pre-calibration) were updated to match the results for the 
BCR-680 standard (post-calibration).  

TABLE II.  CALIBRATION WITH CERTIFIED CONCENTRATION OF HEAVY 
METALS IN POLYETHYLENE  (PPM) 

Element 
BCR-

680 Std. 
Pre 

Calibration 
Post 

Calibration 

As 30.9 101.33 28 

Br 808 1463.00 783 

Cd 140.8 70.00 138.67 

Cl 810 NA NA 

Cr 114.6 354.00 99.33 

Hg 25.3 40.67 24.33 

Pb 107.6 162.00 107 
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Table II. shows the certified concentrations of BCR-680 
and the pre- and post-calibration results for the reference 
material from the analyzer.  This data highlights the importance 
of routine calibration of the XRF analyzer as in some cases the 
factory installed elemental rates were significantly different 
from the “should-be” values provided by the BCR-680 
calibration standard. 

B. Sample selection and preparation 
Samples were selected from high-volume electronic 

products such as desktops, laptops and printers as shown in 
Table IV. XRF tests were conducted with very little or no 
sample preparation to mirror the conditions under which 
electronic components might be screened with XRF in the 
field. In some cases however it is necessary to do some sample 
preparation in order to have a sample of right width and 
thickness. For example while testing cables, jackets were 
removed from the copper wire to eliminate the possibility of 
interference (see Section IV A). Table III shows the general 
XRF sample preparation and test procedure used in this study.  

TABLE III.  XRF SAMPLE  PREPARATION AND PROCEDURE 

Parts Preparation Procedure 
Cables Separate cable jacket from 

wire  
Place  sample to cover 
the XRF window  

PWB Analyze PWB on the various 
solder joints 

Test  at least  3  locations 
and average 

Chassis Analyze on the front side Average of 3 readings 
Powder 
Sample 
(ground-up 
material) 

Approximately 3 gms of 
sample in a cup 

Average of 3 readings 

Other 
components 

Position sample so that it 
completely blocks the probe 
opening 

Keep thickness of at least 
2mm . 

 
Samples that were sent to 3rd party labs for ICP-AES and 

AAS analysis were homogenized via grinding to obtain a 
maximum pellet size of 2mm. A variety of electronic 
components were selected based on the objective of this 
study’s to evaluate XRF methodology for Pb and Cd detection 
and measurement. PWB’s were tested where lead is commonly 
found as an interconnection material in solder and component 
finishes. Different cables were tested as they have historically 
contained heavy metals as PVC stabilizers. 

III. RESULTS  

A. Results:  ICP-AES  and XRF 
35 samples were tested for this study and results from both 

ICP-AES and XRF analysis are shown in Table IV. The 
minimum detection limit for the laboratory method was 2 ppm 
for lead and cadmium, while for XRF analysis this limit is 
mostly matrix dependent [7] and influenced by factors such as: 
source X-ray energy (which should be greater than the binding 
energy in the K or L shell of the target atom), greater atomic 
number (higher Z elements have increased probabilities of 
Kά(photon emission) and concentration range. Optimum 
detection limits of some XRF instruments are 7 ppm for lead 
and 10 ppm for cadmium. 

TABLE IV.  RESULTS OF XRF AND ICP-AES  FOR  PB  AND CD 

Individual Samples  Lead (ppm) Cadmium(ppm) 
  Lab XRF Lab XRF 

Ceramic chip capacitor  N.D. N.D. N.D. N.D. 

6.3 V, 2200uF resistor N.D. N.D. N.D. N.D. 

Pb-free PWB 5.67 N.D. N.D. N.D. 

Portable fan-laptop 34.9 N.D. N.D. N.D. 

512 MB SDRAM 69.5 N.D. N.D. N.D. 

CD R/W conductor plate 1053.4 N.D. N.D. N.D. 
USB Printer Cable N.D. N.D. N.D. 102 

Badge  N.D. N.D. N.D. 146 

Mouse Cable  N.D. N.D. N.D. N.D. 

S- Video Cable N.D. 9 N.D. N.D. 
NIC card #2 (leadfree) 5200 2645 N.D. N.D. 

NIC card #1  (leaded) 3600 4641 N.D. N.D. 

Peripheral Cord # 1 7701.5 8858 37.8 149 

US Power Cord 8563.35 9124 N.D. N.D. 

Peripheral Cord # 2 7800 9576 N.D. N.D. 

AC Adapter  8574 12975 N.D. 137 

International Power cord 8600 17674 N.D. N.D. 

256 DIMM 6670 6761 N.D. N.D. 

512 DIMM # 1 11152 4485 N.D. N.D. 

512 DIMM # 2 17.3 N.D. N.D. N.D. 

Peripheral Cord # 3 N.D. N.D. N.D. 68 

Peripheral Cord # 4 N.D. N.D. N.D. 112 

Generic Microphone 2675 6679 N.D. 179 

CDRW PCB 3975 17921 N.D. N.D. 

FDD PCB 169.9 N.D. N.D. N.D. 
Peripheral Cord # 5 N.D. N.D. N.D. 95 

PWB, Riser N.D. N.D. N.D. N.D. 

PWB, CP N.D. N.D. N.D. N.D. 

Fine Pitch connector 12 N.D. N.D. N.D. 

Modem  861 526 16 175 
Crystal N.D. N.D. N.D. N.D. 

IC Cap N.D. 9 N.D. N.D. 

IC LED 54 9 N.D. 74 

IC N.D. 8 N.D. N.D. 

Loop Inductor N.D. N.D. N.D. N.D. 
N.D. – Not detected 

IV. DISCUSSION 
XRF analysis produced reproducible results for the 

standard reference material (BCR-680) with which it was 
calibrated within the detection limit (tolerance) specified. It is 
important to note that calibration standards are currently 
limited to metals doped in homogenous matrices such as 
polyethylene (PE) and that no XRF calibration standards exist 
that are suitable for calibrating XRF for use on complex 
electronic components.  

 

ISEE 2005 159 0-7803-8910-7/05/$20.00 © 2005 IEEE



 

Figure 2.  Lab and XRF results for Pb in samples 

 

Figure 3.  Lab and XRF  results for  Cd in samples. 

Data from the XRF analysis correlated with the lab for most 
samples analyzed for Pb and Cd albeit with some exceptions. 
The results indicate that evaluating concentrations above the 
specified limit (1000 ppm for lead and 100 ppm for cadmium) 
in a homogenous material is relatively straightforward. It is 
more difficult to measure very low concentrations as observed 
in the analysis of samples for cadmium.  

It was observed that XRF could accurately detect the 
concentration of lead both above and below the RoHS 
threshold of 1000 ppm. Detection of lead using handheld XRF 
analyzer was consistent with the concentration detected using 
ICP-AES testing at independent labs as seen in Figure 2, 
although XRF consistently overestimates the concentration of 
lead present in the sample when compared with ICP-AES 
laboratory test results. The lab results confirmed XRF results in 
case of lead-free samples, for example: Pb-free PWB or 
ceramic capacitors. However XRF analysis and lab testing 
failed to detect lead in a leaded fine pitch connector and both 

XRF and lab test detected lead in both leaded and lead-free 
NIC cards. Possible reasons for these variances are discussed in 
Section IV A.   

 The XRF analyzer was calibrated to detect cadmium 
as per the only available standard reference material (BCR 
680) where the known concentration of cadmium is 107.6 ppm. 
In most of the samples analyzed, cadmium was not detected in 
the laboratory analysis except for the peripheral cord #1and 
modem, where the concentration of cadmium was under the 
RoHS threshold limit of 100 ppm. The XRF results indicate 
some false positive results for cadmium in samples such as the 
USB cable, AC adapter, and badge. Confirmatory analysis 
failed to detect any cadmium in these samples. In addition, the 
XRF analysis indicated 149 ppm of cadmium in the peripheral 
cord #1 and 175 ppm in modem suggesting that this 
homogenous unit may be a non-compliant sample per the 
RoHS directive. The actual concentration of cadmium by ICP-
AES lab analysis, however, was found to be 37.8 and 16 ppm 

Rohs Pb 
Threshold

Rohs Cd 
Threshold
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respectively, which is under the RoHS threshold level and 
therefore a compliant sample.  

One major observation is occurrence of false positive 
results for cadmium around the RoHS limits. Cadmium is one 
of the more difficult metals to measure due to the higher tube 
voltage necessary to excite cadmium x-rays for accurate 
detection along with the other inherent limitations of XRF 
analysis as discussed in next section. It is therefore important to 
acknowledge the limitation of this method and results should 
be reviewed carefully when analyzing cadmium near the RoHS 
threshold levels of 100 ppm. It is also advisable to confirm the 
results using an independent laboratory and consider using the 
XRF analyzer as only a rough screening test for cadmium 
concentration. 

A. Possible reasons of variations 
For this study it was observed that in the absence of any 

sample preparation, XRF results may drift from the Pb and Cd 
concentrations obtained via ICP-AES lab analysis. A number 
of factors may contribute to this variation, and they should be 
considered as limitation of the XRF test method. Factors that 
could have affected the quantitative evaluations include 
interference and matrix effects, analysis of samples with less 
than uniform composition, and complex geometry. The 
Environmental Technology Verification (ETV) report indicates 
that heterogeneity of the sample generally has the greatest 
effect on detection of heavy metals via XRF [8]. Some 
additional factors are also discussed in the ERA Technology 
report include [2]:  

1) Heterogeneity of test sample: the intent of this study was 
to mirror the actual conditions in a non-laboratory “field” 
environment; therefore samples were directly tested by the 
XRF analyzer. Heterogeneity was partially controlled by 
restricting measurements to placing samples directly over the 
X-ray window (XRF analyzer in fixed stand) versus the “point 
and shoot” method that is commonly employed in the field. 
When analyzing printed circuit boards by the XRF technique 
the heterogeneity of the board was minimized by shooting the 
sample at 3 different locations and taking an average of the 3 
readings. However, this method does not completely eliminate 
the heterogeneity.  

2) Sample thickness/weight: XRF quantitative 
measurements are matrix dependent and sample thickness 
could affect penetration depth of the exciting photons and 
produce less accurate results especially at low (ppm) 
concentrations. As seen in Figure 2, the XRF analyzer failed to 
detect the presence of lead in the fine pitch connector because 
thickness of these plates were less than 1mm. XRF can 
penetrate samples which are 2 mm to 90mm thick [9]. If the 
sample is in powder form, a minimum of 3 grams is needed to 
test via XRF.  

3) Calibration Standard: BCR-680 (Cd in polyethylene–
VDA 001-004) was the calibration standard used. Currently, 
this is the only standard available to analyze RoHS substances 
in plastics. Calibration of XRF for other elements in different 
electronic product matrices (printed circuit boards, for 
example) may lead to more accurate XRF results when 
applying this technique to complex electronic products. 

4) Overlapping of Spectra: Interference results from 
overlapping spectra of metals that emit x-rays with similar 
energy levels. Mass absorption effects can result from 
fluorescence radiation being absorbed by coexisting elements 
(causing reduced intensity) or enhancement of fluorescence 
radiation due to secondary radiation from itself or coexisting 
elements (causing increased intensity). There are several other 
factors which can affect instruments ability to detect accurate 
concentration such as Rayleigh scatter and Compton scatter. 
The results could also be affected by instrument dead time, 
which is the time interval during which the X-ray detection 
system, after having responded to an incident photon, cannot 
respond properly to a successive incident photon. Attention 
should be given to the detector thickness and resolution to 
resolve of these issues.   

B. Analysis of other restricted material 
An ideal sample for examination by a hand-held XRF 

device should be of uniform composition, having a known or 
calibrated matrix, preferably a flat material that can be pressed 
directly against the sampling window and should have a 
sample area greater than the XRF window. This technique 
could be effectively used to detect lead (and other elements) in 
homogenous materials such as solder, PVC cable jackets and 
chassis plastic resins (ex: ABS, HIPS, etc). Evaluating 
cadmium in this study highlighted some limitations and hence 
caution should be used when analyzing this substance using 
XRF. XRF can also detect the presence of bromine in polymers 
and therefore could be used to screen as a rough screening tool 
for the determining the presence of brominated flame 
retardants in plastics. It is important to note that XRF can only 
detect total bromine and total chromium concentration in 
samples and therefore cannot be used to determine the presence 
of regulated substances such as PBBs, PBDEs and/or 
hexavalent chromium. 

C. Comparison of other factors 
In addition to quantitative validation, other parameters were 

also considered for analysis such as: cost of analysis, turn-
around time, extent of sample preparation, and type of testing. 
A comparison is of these factors is shown in Table V.  

TABLE V.  COMPARISON OF TEST METHODS  

Material Test Lab - External XRF - Internal 
Sample Prep Extensive Minimal 

Type Destructive Non-destructive 

Turnaround Time  10-12 Days < 5 Minutes 

Restricted 
Materials 
Detection 

Possible through 
wet chemistry 

RoHS elements : Cd, 
Hg, Pb, total Br and Cr 

Testing Cost($) 
$30/sample 
grinding fee plus 
$20/element 

Equipment cost: approx. 
$33,000 
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The XRF analyzer has several advantages compared to the 
laboratory methods.  The primary advantage observed in this 
study was the ease of operation.  XRF can be used with little 
operational training and with virtually no sample preparation. 
The electronic sample to be tested can be directly exposed to 
the X-ray and results can be evaluated in less than 5 minutes. 
This is extremely useful for screening samples during supplier 
audits, new-product launches, compliance testing and for 
internal reviews. On the other hand, laboratory analysis using 
ICP-AES requires extensive sample preparation (disassembly 
and grinding) and testing under controlled conditions. Samples 
need to be shipped to labs and turn-around times can vary 
between 10 and 12 days, consuming both time and resources. 
These delays could negatively impact time to market 
objectives.  Laboratory testing times are also highly-dependent 
on the level of experience and expertise at the 3rd party lab.  
The experience with this particular study is that globally there 
are very few 3rd party labs that are capable of testing electronic 
products for the presence of RoHS substances.  

Another advantage of XRF is that a single sample is 
sufficient to determine the RoHS elements such as cadmium, 
mercury and lead. Other elements such as arsenic, titanium, 
iron, copper, gold and silver, can also be analyzed. Laboratory 
analysis is typically conducted for individual elements through 
a variety of processes and is usually destructive in nature.  

Costs of laboratory testing is usually per element with 
additional fees for sample preparation/grinding. In the United 
States, ICP-AES testing costs can vary from $50-$75 per 
element, whereas XRF instruments can cost over $30,000, 
significant savings can be realized when testing over a long 
period of time.  Due to the XRF limitations described in this 
section, some companies are employing XRF as a supply chain 
screening tool and validating these results using ICP-AES 
testing. 

V. CONCLUSION 
Handheld XRF technology is a relatively new technique 

and there is little practical experience in the evaluation of it’s 
use in quantifying elemental composition of electronic 
equipment. This study evaluated the use of a commercially 
available handheld XRF analyzer for conducting elemental 
analysis of electronic components for regulatory compliance 
and found that it can provide rapid, non-destructive analysis of 
Pb and Cd concentrations in certain samples. Results obtained 
from a variety of samples indicated that this technique 
correlates with conventional laboratory ICP-AES methods for 
lead. When analyzing samples for cadmium, this technique can 
generate false positives and should be used in conjunction with 
alternative test methods.  Analysis using XRF can allow 
analytical and subsequent go/no go decisions to be made more 
efficiently and could reduce the number of samples that need to 
be submitted for confirmatory lab analysis. The results suggest 
that a simple analysis could be conducted using XRF for 
screening and investigative purposes. Based on the results, a 
more detailed laboratory analysis could follow in the event the 
XRF results analysis does not enable a pass/fail judgment.  

The data presented here suggests that XRF testing can only 
be used as a screening technique with high confidence in 

samples where the Pb and Cd concentrations are well in excess 
of the RoHS thresholds.  Due to the limitations of XRF and 
ICP-AES analytical test methods and the “homogenous 
material” interpretation of the EU RoHS Directive, the most 
effective methodology to verify RoHS compliance is via 
supplier declarations of conformity.  

 RECOMMENDATIONS FOR FURTHER WORK 
At this time, no international analytical testing standards 

exist for measuring those substances that will be restricted by 
the RoHS Directive.  The accuracy and reproducibility of such 
test methods, once standardized and applied to complex 
electronic products, is also unknown.  Within the International 
Electrotechnical Commission (IEC) Advisory Committee on 
Environmental Aspects (ACEA), work is underway to develop 
international testing standards (both XRF and ICP-AES 
methods) for each of the RoHS substances.  As described in 
this paper, it will be important that the development of these 
test standards take into account factors such as sample 
heterogeneity, sample size, spectra interference, etc for XRF 
and ICP-AES test methods.  It is expected that a draft IEC 
standard will be published in 2005. Once these standards are 
adopted, it will be critical that they are applied consistently 
within the supply chain either through internal audits and/or 
more formal post-market surveillance checks after the July 1, 
2006 RoHS implementation date. 
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