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ABSTRACT:  Recent environmental concerns over the safety of the halogenated flame 

retardants (HFR) used in commonplace FR4 based printed circuit boards (PCB) has 

prompted market demand for HFR-free computer systems.  Unfortunately, this transition 

has been made difficult by concerns of the Thermo-Mechanical and Electrical properties on 

the HFR-Free laminates. As an example, the critical electrical properties of most HFR-free 

dielectrics currently on the market make high-speed bus designs such as DDR3 problematic 

without increasing the cost of the system.  The iNEMI HFR-Free Leadership Project was 

developed to address these industry concerns. This paper shows the project plan and status 

to date. 

 

 

 

 

 

1. INTRODUCTION 

 

Starting in  January, 2009 iNEMI held a series of 

global meetings, including a large sampling of  

laminate suppliers, PCB fabricators, ODM and OEM’s 

to understand the concerns of the electronic industry to 

the expected transition to Halogen-Free Laminates. 

These meetings resulted in a list of “Areas of 

Concerns” with the smooth transition to HF PCB’s. To 

help alleviate these concerns within the Electronic 

Industry, iNEMI started a HFR-Free Consortia Project 

consisting of two workgroups collaborating with each 

other, a PCB Materials WG and Signal Integrity WG.  

The iNEMI HFR–Free PCB Materials Work 

Group was established to introduce quantifiable data 

into the industry laminate datasheets. They are 

developing a “Test Suite Methodology” that includes a 

set of specific test methods, test structures and a 

“product like” test vehicle to quantify specific material 

properties and responses requested by the industry.  

The iNEMI HFR-Free Signal Integrity Work Group 

was established to identify the critical electrical 

parameters of HFR-Free dielectric materials and any 

product-specific limits on those parameters so that 

signal integrity will not be jeopardized for current 

high-speed buses.  

Samples of HFR-Free materials will be evaluated 

(using the “Test Suite Methodology”) and provide a 

data base that member companies can use to set a 

technology envelope of adequate materials for their 

products. 

The consortia will communicate these proposed 

limits and desired thermo-mechanical properties values 

to the laminate material suppliers so they can focus 

resources on producing products the industry requires. 

The laminate suppliers have agreed to include this Test 

Suite Methodology data into their laminate data sheets 

to assist in laminate material selection by PCB 

designers and procurement engineers.    

In total there were 27 “areas of concerns” 

developed out of the series of meetings that were 

prioritized by rating the importance of each concern. 

Table 1 lists these “Industry Areas of Concern” in 

order of importance to the voting members.  

 

2. PCB MATERIALS WORK GROUP TEST 

SUITE METHODOLOGY 

 

The Test Suite Methodology consisted of a 3 Phase 

approach to develop a characterization method that can 

be used across the industry to compare HFR-free 

laminate materials. A common complaint from the 

consortia members/industry was that because the data 

on the laminate datasheets are derived by various 

methods and laminate constructions it was difficult to 

compare the laminate materials to decide which 

laminate was best for their product.  

 

 



   

  

 

Table #1: Areas of Concern with ranking system  

 

Area of Concern Rank

Dk & Df 1

Delamination characteristics under mechanical or thermal 

stress conditions
2

CAF resistance 3

Long term life prediction, such as IST or thermal shock test. 4

Lead Free Reflow Test 5

Moisture absorption 6

Coefficient of thermal expansion (z-axis and x-, y-axes) 7

UL Fire ratings (V0-V1) 8

Rework (Pad Peeling) 9

Pad Cratering (brittle fracture) 10

Decomposition temperature (Td) 11

Copper Pad Adhesion (CBP/Hot Pin Pull/ Shear) 12

PCB fabrication process, drill wear, lamination & desmear 

cycle
13

Shock & Vibe and Drop test data 14

Fracture Toughness of Resin / Resin Cohesive Strenght 15

Glass transition temperature (Tg) 16

MOT Maximum Operating Temperature 17

Transient Bend 18

Co-Planarity Warpage characteristics as a function of stack-

up, layer thickness, and temperature
19

Affect of Fillers 20

Flexural strength 21

Resin system dependency/hardening/curing agents 22

Plastic and elastic deformation characteristics as function of 

stack-up, layer thickness, and temperature
23

Micro and macro hardness 24

Stiffness 25

Punchability/Scoring/Breakoff Performance 26

UL CTI rating 27
 

 

2.1. Phase 1 consisted of taking the “Areas of 

Concern” and matching them to quantifiable responses 

or material properties which could be measured and 

quantified. This allowed the HFR–Free PCB Materials 

Work Group to further reduce the “Areas of Concern” 

into ones that could be quantified by a test 

methodology. The following criteria were used in the 

down selection. 

o Could be directly measured or quantified 

o Could be combined with others (based on the 

material property that produced the response) 

o Could be removed (not directly related to the 

laminate material and confounded by PCB 

manufacturing processes) 

o Could be removed (already covered by  UL 

specifications or test methods) 

 

Table #2: Test Methods under Evaluation 

 

Glass Transition Temperature (Tg) Stiffness/Flexural Strength

Decomposition Temperature (Td) Pad Adhesion (CBP/Hot Pin Pull)

Coefficient of Thermal Expansion (x,y,z) Interconnect Stress Test (IST) 

Moisture absorption Conductive Anodic Filament (CAF)

Rework (Pad Peeling) Lead Free Reflow:  Delamination 

Permittivity (Dk) Charpy Impact Test

Total Loss (Df) Simulated Reflow Test

Test Methods Under Evaluation

 
 

Table 2 lists the final 14 Test Methods under 

evaluation that could quantify the “Areas of Concern”.  

 

2.2. Phase 2 focused on further modifying or adopting 

specific test methods to quantify the response of the 

laminate materials.  

This phase developed the test methods, test 

structures and test board construction. The major 

criterion of any test method was that it could give a 

quantifiable value (no pass/fail criteria) and be 

reproducible at any testing site with standard test 

equipment. Many of the test methods utilize existing 

industry test methods with slightly reduced options that 

would minimize the variability in the test data and 

allow direct comparison between laminate materials. 

As an example, the Flex Modulus test method requires 

the data to be collected only by the 3 point TMA 

method.  

The test structures were standard industry test 

structures related to the test method of choice when 

ever possible.  

It should be noted that the reduction in TM options 

has no bearing on the validity of the other options or 

industry test methods but was done solely to provide 

direct comparison of the data.  The Test Suite 

Methodology will make sure that the iNEMI data in 

each laminate data sheet is exactly comparable with 

other laminates. This requires that the test method, test 

structure and coupon construction be exact and known. 

There were a few areas of concern that do not have 

a standard test method and the iNEMI PCB Materials 

WG is evaluating the use of new test methods from 

other industries to gather data that maybe useful to the 

analysis of the HFR-Free laminates. An example is the 

Charpy Impact test for fracture toughness. 

 The work group wanted the test board 

construction to represent a specific market sector of 

interest.  A 10 layer construction that models a typical 

notebook product was adopted. Figure 1 shows the 

exact construction of this test board. 

 



   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: iNEMI 10 Layer Test Suite Construction 

 

It should be noted that exact glass style, number of 

plies and thickness are called out in the construction to 

assure that the data is comparable and understood by 

the users of the laminate data. 

Once the test methods and test structures were 

finalized the test board layout was designed to get the 

optimum number of test structures for each test method 

while minimizing the number of panels required.  

The final part of Phase 2 will be the fabrication 

and testing of 9 laminate materials, to prove the 

validity of the Test Suite Methodology. Three of the 

materials are standard bromine based FR4, to baseline 

the test methods, the remaining 6 are the latest 

generation of HFR-Free laminates.  

 

2.3. Phase 3 will focus on verifying the Test Suite 

Methodology data by the OEM/ODM’s. The 

importance to the industry of the Test Suite 

Methodology is the ability to use the quantifiable data 

to predict responses for each market segment.  Since 

the different market segments have different reliability 

and response ranges, the ability to choose laminates 

with specific properties to meet these market specific 

specifications is invaluable.  

The verification strategy will have the 

OEM/ODM’s choose laminates with specific 

properties/values at both ends of the data range and 

build product or test vehicles that will prove the ability 

to predict laminates choices that give the desired 

thermo-mechanical and electrical response. This phase 

will validate that the OEM/ODM can use the Test Suite 

Methodology data to set envelopes for their products 

that gives the best price point for reliability and 

performance vs. cost of the laminate. This ability for 

PCB procurement engineers and designers will enable 

a more cost effective choice in laminate selection. 

Once this Test Suite Methodology has been 

verified it will greatly improve the communication 

between the laminate supplier and the end user. The 

OEM/ODM will be able to directly discuss which 

properties are the most valuable to them and set the 

range that meets their requirements. It will allow the 

laminate supplier to improve specific area/properties 

based on input rather than have to react to generalities, 

such as “I need a better laminate”. 

The iNEMI HFR-Free Leadership Project will 

make the Test Suite Methodology, including the Test 

Vehicle CAD data and Test Methods available to the 

Industry.  

 

3. SIGNAL INTEGRITY WORK GROUP: 

ELECTRICAL PARAMETERS 

 

3.1. Electrical Performance of HFR-free PCB’s  
 

FR4 epoxy has been used in the construction of PCBs 

for decades.  Consequently, its electrical properties, 

which are influenced by the brominated flame retardant, 

have been studied extensively.  Removal of the 

halogenated flame retardants from the PCB dielectric 

material resulted in new non-halogenated formulations 

by the different material suppliers.  Unfortunately, each 

new formulation has unique electrical properties that 

can differ from FR4.  This lead to the current problem: 

The critical electrical properties of most HFR-free 

dielectrics currently on the market make high-speed 

bus designs such as DDR3 and PCIe problematic 

without increasing the cost of the system.   

The most apparent problem lies with the increased 

permittivity of the HFR-free dielectric materials 

compared to FR4.  Measurements show that most 

HFR-free PCB materials on the market have 

permittivity values at 1 GHz between 4 to 5 , while 

FR4 built with a 1080 glass has permittivity values in 

the upper 3’s [1].  Increased permittivity requires 

thicker dielectric layers or narrower trace widths to 

achieve equivalent impedance to that of FR4.  In turn, 

the thicker dielectric layers leads to an increase in 

crosstalk in micro strip lines which reduces bus 

performance.  Figure 2 demonstrates the margin 

reduction using three 10-inches long coupled micro 

strip transmission lines with routing guidelines 

consistent with a DDR3 bus.  If the trace-trace spacing 

and line widths remain constant and the dielectric 

thickness is adjusted to maintain constant characteristic 

impedance (50 ohms in this case), the eye area is 

substantially reduced for high permittivity values.  

(Eye area is the product of eye height and eye width 

and is a metric often used by signal integrity engineers 

10 Layer Mobile Stack-up

Description Layer Type

Layer 1 Plated 1/2 oz Cu 1.6 mils

Prepreg 3 mils - 1 ply 1080

Layer 2 Unplated 1 oz Cu 1.3 mils

Core 4 mil core - 1 ply 2116

Layer 3 Unplated 1 oz Cu 1.3 mils

Prepreg 4.2 mils - 1 ply 2116

Layer 4 Unplated 1 oz Cu 1.3 mils

Core 4 mil core - 1 ply 2116

Layer 5 Unplated 1 oz Cu 1.3 mils

Prepreg 4.2 mils - 1 ply 2116

Layer 6 Unplated 1 oz Cu 1.3 mils

Core 4 mil core - 1 ply 2116

Layer 7 Unplated 1 oz Cu 1.3 mils

Prepreg 4.2 mils - 1 ply 2116

Layer 8 Unplated 1 oz Cu 1.3 mils

Core 4 mil core - 1 ply 2116

Layer 9 Unplated 1 oz Cu 1.3 mils

Prepreg 3 mils - 1 ply 1080

Layer 10 Plated 1/2 oz Cu 1.6 mils

48.2

Thickness



   

  

to optimize channel designs). Since smaller eyes equate 

to lower bus performance, many HFR-free materials 

will challenge high speed bus design.  
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Figure 2:  Example of margin reduction due to high 

permittivity values for a DDR type bus (three 10-

inches coupled micro strips; trace to trace spacing is 

constant; dielectric thickness adjusted to maintain 

constant 50 ohm characteristic impedance for all 

permittivity) 

 

The standard method of reducing crosstalk is to 

isolate traces as much as practical to reduce the 

electromagnetic coupling of energy.  Unfortunately, 

modern motherboard designs are already maximally 

real-estate constrained and could require extra layers 

(and therefore cost) to provide additional real-estate for 

crosstalk compensation when using high permittivity 

dielectrics.   

Another potential problem that arises when 

implementing high volume designs on HFR-free PCBs 

is standardization of electrical parameters.  FR4 uses 

brominated flame retardants which significantly 

influences the electrical properties of the dielectric.  As 

new HFR-free dielectric materials are being developed 

by various companies, a variety of unique alternatives 

for the flame retardants are used.  Since the electrical 

parameters of a dielectric are directly related to the 

chemical structure of the material [2], product to 

product variations in the flame retardant will lead to 

inconsistent electrical properties and introduce a new 

variable into high-speed bus design and potentially 

could result in a smaller supply base of design specific 

PCB dielectrics. 

3.2. Bus speed scaling 

As bus speeds increase, the negative impact of the 

higher permittivity values (compared to FR4 with the 

same glass style) associated with many HFR-free 

materials is exacerbated.  Figure 3 demonstrates the 

degradation of the signal eyes at 667 Mbits/second and 

2000 Mbits per second, which roughly correspond to 

end-of-life DDR2 and DDR3 bus speeds respectively.  

Note that at 667 Mbits/sec, the higher permittivity has 

very little impact (Figure 3A).  However, if the same 

topology is driven at 2000 Mbits/sec, the signal 

degradation is more dramatic (Figure 3B).  The 

degradation at higher bus speeds exemplifies the signal 

integrity problems associated with higher permittivity.  

The performance can be reclaimed by spreading the 

signals apart, which consumes more board real-estate, 

or by designing with very thin glass styles such as 106, 

but each of these options increases platform costs.  

3.3. Mitigation 

The most cost effective strategy for mitigating the 

negative effects of HFR-free materials is to bind the 

electrical material properties so that signal integrity for 

a specific design is not degraded.  Based on the high-

speed signaling needs required by each product the 

limits of each parameter can be identified.  Samples of 

HFR-Free materials can then be evaluated and the 

results mapped into the requirements providing a 

design data base that can be used to select adequate 

materials for products.  An example of this 

performance requirement envelope is shown in Figure 

4, where limits on the loss tangent and the permittivity 

have been determined for a class of high-speed buses.  

It is important that the specific glass style, resin ratio 

and the environmental conditions are properly 

accounted for in the performance envelope.  

Simulations on DDR3 and PCIe2/3 buses were used to 

derive the envelope listed in Figure 4 and the material 

properties of the individual data points where 

determined using split post resonator measurements on 

2 plies of bare dielectric built with 1080-glass.   

For these designs, only two materials in the study 

were found to fit within the envelope (materials 4 and 

5).  

Since the permittivity of materials 4 and 5 are higher 

than 1080-FR4, an increase in crosstalk is expected 

when the materials are used as a “drop in” for the 

1080-FR4.  However, simulations indicate that the 

degradation is small enough to be acceptable.  

Furthermore, in some bus designs, the decreased loss 

tangent of the HFR-free materials will help offset the 

extra crosstalk.  Note that the degradation will increase 

with bus speeds and will eventually cease to be 

acceptable; meaning that at some speed point, the 

materials can not be a “drop-in” replacement for FR4 

with the same glass style.  
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Figure 3: High permittivity values may be adequate for 

low-speed bus designs, but substantially degrade high-

speed bus performance (Simulation of the 10-inch 

microstrips used to create Figure 2) 

 

 

Figure 5 shows measured results of identical DDR3 

buses built with FR4 and HFR-free PCB materials.  

The designs were optimized for FR4 materials, and 

then built with HFR-free materials 4 and 5 from Figure 

4.  In order to achieve the same impedance values, the 

stackups where adjusted appropriately by the PCB 

vendors.   Note that both HFR-free materials have 

lower eye height margins and subsequently smaller eye 

areas as expected. 

3.4. Critical Electrical Parameters 

In addition to the permittivity, the work group has 

identified 2 additional critical electrical parameters.  

Table 3 provides details on how each of the critical 

variables affects bus design.  Each of these parameters 

must be assessed for all new HFR-free dielectric 

materials to ensure they remain within acceptable 

bounds.  Note that a materials affinity to absorb 

moisture from the environment must also be 

understood.  Water is a large polar molecule and 

therefore even a small amount of absorbed water can 

have a large impact on the electrical properties of a 

dielectric.  Even if a particular dielectric exhibits 

excellent electrical properties at nominal relative 

humidity (RH) levels, if significant water is absorbed, 

the properties quickly degrade [2]. 

 

 

 

 

 

 

 

 

 

Table 3: Critical dielectric design parameters 

 

Parameter Other names Design 

influences 

Permittivity Dk, r, dielectric 

constant 

Characteristic 

impedance, 

Propagation 

velocity, 

crosstalk 

Loss tangent Df, tan, 

dissipation factor 

Signal 

attenuation 

Moisture 

absorption 

Environmental 

effects, humidity 

When dielectric 

materials absorb 

water, Dk & Df 

increase. 

 

 

 

0

0.005

0.01

0.015

0.02

0.025

0.03

3.6 3.7 3.8 3.9 4 4.1 4.2 4.3
Relative Permittivity @ 1 GHz, r

L
o
s
s
 T

a
n
g
e
n
t 
@

 1
 G

H
z
, 

ta
n


4.4

HF limits

Material 5

Material 2

1080 FR4 Baseline 

D
e

c
re

a
s

in
g

 b
u

s

p
e

rf
o

rm
a

n
c
e

Decreasing bus

performance

Material 1 

Material 3
Material 4

 
Figure 4: HFR-free dielectric electrical envelope with 

2 plies of 1080 glass; humid conditions; 95
o
F and 95% 

RH 

 

3.5. Measurement methodology 

A critical goal of the work group was to develop a 

common measurement methodology that will ensure 

consistent and accurate evaluation of the electrical 

parameters of the dielectric and allow direct 

comparison of the industries HFR-Free materials.   

Cisco has developed a VNA measurement 

technique (called the S3 method [3]) to extract the 

permittivity and the loss tangent from transmission line 

structures. The S3 method was compared to split post 

resonator measurements of bare material samples over 

a range of environmental conditions to assess  
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Figure 5: Measured DDR3 margin degradation caused 

by the HF materials that fell within the performance 

envelope compared to a FR4 baseline.   

 

the accuracy of the technique.  A perfect comparison 

can not be made between the S3 method and the split 

post resonators because glass reinforced epoxy is 

anisotropic, which means the permittivity and loss 

tangent will vary when the electric field is oriented in 

the Z-direction (S3) versus an X-Y plane (split post) 

orientation.  Literature suggests that the anisotropy is 

less than 5% for permittivity, [4], so it assumed the 

effect is small enough so a reasonable comparison of 

the S3 method and split post measurements can be 

made.  An example of the correlation between the S3 

method and the split post resonators are shown in 

Figure 6.  With the assumption that the anisotropic 

effects are relatively small, the figure demonstrates that 

the S3 method exhibits reasonable accuracy for 

materials with a resin content of 50%.  Note that a 

consistent Df offset between the S3 and split post 

resonators of approximately -0.0037 was observed.  

The offset is likely due to non-perfect accounting of 

the surface roughness losses of the transmission line 

conductors and is similar for like copper foils.  In order 

to achieve maximum Df accuracy, offsets must be 

determined for each copper type.  This exemplifies the 

requirement that the copper roughness of all S3 test 

boards be consistent from board-to-board when 

comparing material properties.  Even if a copper 

roughness offset is not known, a consistent copper foil 

allows relative ranking of material losses for 
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Figure 6: Initial correlation between S3 and Split Post 

Resonator methods; SPR error bars are dominated by 

anisotropic uncertainties; S3 Df correlation factor of -

0.0037 to compensate for surface roughness errors; 

50% resin content 

 

comparative purposes.  It should be noted that copper 

roughness does not significantly affect the permittivity 

measurement.  

In addition to Df, it is recommend that the total power 

losses be measured and reported with all relevant 

stack-up assumptions such as trace width, copper type, 

resin ratio, etc.  Many product design guidelines for 

high-speed buses recommend specific limits on 

transmission line losses to ensure proper bus 

functionality.  Total percent power loss can be 

calculated from two port S-parameter measurements 

with equation (1), where the asterisk signifies the 

complex conjugate and the term 100
incident

loss

P

P
 is the 

percentage of the power dissipated by the transmission 

line under test [2]. 

 

incident

loss

P

P
SSSS  1*

2121

*

1111   (1) 



   

  

4. SUMMARY 

 

Environmental concerns over the Brominated flame 

retardants in standard FR4 laminates have prompted 

marketplace demand (and possible legislation) for 

HFR-free PCBs.  This transition raised both thermo-

mechanical and electrical performance concerns, which 

are being addressed by the iNEMI HFR-Free 

Leadership Project, consisting of two work groups 

working in tandem.  

The HFR-Free PCB Materials Work Group is 

developing a Test Suite Methodology that will quantify 

specific material thermo-mechanical and electrical 

performance values for HF laminates. This data will 

appear on many of the major HFR-Free laminate 

supplier’s datasheet and will allow: 

o Direct comparison between laminates in the 

areas of concern  

o Designers and Procurement Engineers to 

choose laminates that have the best properties 

and cost trade-offs for their specific product 

requirements. 

o Effective discussions between the laminate 

supplier and the OEM/ODM on how to best 

modify the laminates for their specific 

requirements 

The Halogen Free Signal Integrity Work Group is 

working to help mitigate any signal integrity 

roadblocks that may occur due to the material 

properties of the new HFR-free dielectrics. The 

Halogen Free Signal Integrity Workgroup has 

developed a new measurement methodology (so HFR-

free materials can be evaluated and compared) to allow 

each company to map electrical requirements into the 

performance envelopes.    

Once this Test Suite Methodology has been 

verified the INEMI HFR-Free Leadership Project will 

make the Test Vehicle, including the CAD design and 

Test Methods available to the Industry. The consortium 

will also proactively communicate the electrical and 

thermo-mechanical envelope requirements to the 

laminate material suppliers which will help focus 

material development efforts, increase HFR-Free 

laminate volumes and reduce overall costs. 

 

 

 

 

 

 

 

5. REFERENCES 

 

[1] Gary B Long, Kosta Papathomas, Roger 

Krabbenhoft, Terry Fisher “iNEMI BFR-Free PCB 

Materials evaluation Project” SMTAi Conference, 

August 21, 2008 

 

[2] Stephen Hall, Howard Heck, “Advanced Signal 

Integrity for High Speed Digital Design”, John Wiley 

& Sons, 2009 

 

[3] S. Hinaga, M. Koledintseva. J. Drewniak, A. Koul 

and F. Zhou, “Thermal Effects on PCB Material 

Dielectric Constant and Dissipation Factor”, 

Proceedings of the Technical Conference, IPC 

Expo/APEX 2010 (Las Vegas), paper S16-1  

 

[4] James C. Rautio, Serhend Arvas, “Measurement of 

Planar Substrate Uniaxial Anisotropy”, IEEE 

Transactions on Microwave Theory and Techniques, 

VOL. 57, NO. 10, OCTOBER 2009 

 

The authors would like to especially acknowledge the 

contributions of specific team members  

 
Brian Gray & DW Chen, Celestica 

Scott Hinaga, Cisco 

Steve Etheridge & Wallace Ables, Dell 

Ray Fairchild, Delphi 

Tim Lee, Doosan Electro-Materials 

Martin Bayes, DOW 

Ka Wai Chan, Elec & Eltek 

Dongji Xie, Flextronics 

Rich Barnett & Rocky Shih, Hewlett Packard 

Gary B Long & Deassy Novita, Intel Corporation 

Mike Leddige & Louis Armenta, Intel Corporation 

Satish Parupalli & Karan Kacker, Intel Corporation 

Tina Shao, IST 

Tadashi Kosuga, Lenovo 

Louis Lin, Nan Ya Plastics 

Scarlet Wang, Shengyi Sci Tech Co. 

Jeffrey Liao, Elite Materials Co. 

Jason Zhang, Foxconn 

Bill Weng & Anderson Chen, ITEQ 

Yu Xi, Quanta 

Jim Arnold & David Godlewski, iNEMI 

 


