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Summary
Management and organization
In 2011, AMT continues to expand its member countries. Technion University of Israel became a
member of AMT on March 22, 2011 and Tekes ( designated organization, VTT) of Finland
became official members on October 17, 2011. This brings the total AMT membership to eight
countries (Australia, China, Canada, Finland, Germany, Israel, UK, and the US).
With the addition of these new members, AMT’s technical activities are significantly
strengthened and we are able to bring more technical experts to the various annexes:
 Annex IV on friction reduction through surface technology is moving into demonstration
phase. The surface technology is being tested on actual engine components and has
demonstrated significant friction reduction on ring-liner rig tests. This has the potential of
improving fuel economy in cars and trucks worldwide.
 Annex V on Magnesium corrosion is near completion of its tasks in developing test
methods and identifying failure mechanisms of magnesium alloys, clearing a major
roadblock for the introduction of magnesium alloys into ground transportation sector as a
lightweigting material.
 Annex VI on carbon fibers and carbon composites has convened a series of meetings with
industrial stake holders in five countries last year to identify needs for standards and test
methods on this class of materials for lightweighting applications in cars and trucks.
 Annex VII on nanomaterials is resolving difficulties in measuring nanomechanical
properties of nano-inserted composites such as clay nanoparticle infiltrated polymer
blends as a low cost light weight tough materials. An international round robin study has
been scheduled to commence last year but was delayed by the need to resolve some
challenging technical issues as well as the ill-health of the annex leader.
 Annex VIII on thermoelectric materials has completed two international round robin
studies. Results on current measurement techniques on thermal conductivity and Seebeck
coefficients (a generally accepted index of thermal electric materials performance)
showed large variations. This was surprising and its has attracted wide attention in the
world scientific community. The standard test method resulting from this will eliminate a
major obstacle in developing high performance thermoelectric materials for waste heat
recovery in the transportation sector.
The Exco meeting was held in Berlin in March in conjunction with the invitation to participate in
the First Material Summit in Nancy. The second Exco meeting was held in Helsinki Finland in
October, 2011, just in time to welcome Finland into AMT. Several topical reports are being
prepared to be released in 2012 summarizing AMT’s accomplishments.

Technical activities
Significant progress was made during 2011 by the five annexes. These are detailed in the
attached annex reports.

The transportation technologies are undergoing rapid revolution as a result of the push by the
United States to increase the CAFÉ standards rapidly to 54.5 mpg by 2025 and at the same time,
aggressively introduce new powertrains into the market place, such as new electric cars, plugin
hybrids, and battery assisted powertrains. Advanced materials is the foundation of the enabling
technologies that make the new fuel efficient technologies possible. AMT activities on lightweighting materials and friction reduction surface technology are in the main stream of this
industrial revolution.

INTERNATIONAL ENERGY AGENCY
CO-OPERATIVE PROGRAMME ON ADVANCED MATERIALS FOR
TRANSPORTATION APPLICATIONS (IEA-AMT)
Annual report to the Exco committee for
Annex IV Integrated surface technology for friction reduction in engines
Covering the period: Jan 1, 2011 to Dec. 31, 2011
1. Title of Annex: Integrated surface technology for friction reduction in engines
2. Annex Participants:
US:
China:
Australia:
Israel:

Led by Dr. Stephen Hsu, George Washington University, USA (Chair)
Led by Dr. Junyan Zhang, Lanzhou Institute of Chemical physics, CAS, China
Led by Dr. Gwidon Stachowiak, University of Western Australia, Australia
Led by Dr. Izhak Etsion, Technion, Israel

Within each participating country, the lead institute is working with other cooperating institutes,
universities, and industrial companies on developing the friction surface technologies. Each
country is also has a specific technical focus within the scope of this activity: US is taking the
lead on surface texture designs; China is focusing on diamond like thin film development to
protect the textured surfaces; Australia is working on methods to characterization of the textured
surfaces for manufacturing specifications; and Israel is working on theory and models to predict
textured surface performance.
3. Annex Objectives
The objectives are: to conduct cooperative research and development on friction reduction
technology to improve fuel economy; to exchange technical information and practice; to
develop test methods for friction reduction technology; to develop surface descriptors and
specifications for friction reduction surfaces.
4. Technical Progress and accomplishments for the reporting period:
This annex is a task-shared activity with the scope of work as follows:
Subtask 1: Technical Information Exchange (ongoing and at every meeting)
Subtask 2: Characterization/description of integrated surface technology
Subtask 3: Performance evaluation of integrated surface technology

Updated milestones:

2010

Assessment of the effectiveness of conventional 2-d roughness parameters such
as
Ra, Rq, Rp, Rv, Rt in describing textured surfaces; Characterization of friction films and
bonded chemical films on textured surfaces; Assessment of various DLC films for their
suitability in engine applications
2011 Development of 3-d descriptors of discrete textured surfaces; Assessment of various
bench test procedures simulating engine friction; Develop correlations among the
various bench tests
2012 Develop friction simulation tests using actual engine components; develop cost
effective surface fabrication technique; demonstrate effectiveness of friction surface
technology with industrial partners; develop design guidelines for friction surface
technology based on theory and bench tests
2013 Develop design guidelines for engine components based on industrial evaluation
results.
Major Annex accomplishments in 2011
Friction from rubbing surfaces in engines consumes about 15% to 17% of the energy from fuel.
This parasitic energy loss reduces fuel efficiency significantly. The magnitude of frictional loss
is influenced by surface roughness, load, speed, lubrication, design, temperature, and the
environmental gases surrounding the contacts. Cross-hatching of the cylinder liner in diesel
engines was introduced in the 1940’s to prevent scuffing. Coatings and thin films have been used
to increase wear life of engine components for decades. Yet we have not been able to
significantly reduce the parasitic losses. In the mid 1990s, dimples and other forms of surface
textures were used to control friction in seals and water pumps. The US Department of Energy
has recently begun to explore the potential of combining surface textures, thin film, and
lubrication chemistry to significantly reduce friction, hence increase fuel economy, propelled by
the new CAFÉ standard increase to 54.5mpg from 27.5mpg by 2025.
Surface texture designs
We have developed an extensive surface texture design data base based on laboratory bench tests.
From the data base, we can deduce the basic principles of surface texture design based on the
dominant lubrication regimes: (1) hydrodynamic lubrication regime – there is a full lubricant
film separating the contacting surfaces. In this regime, friction reduction with surface texturing
has been demonstrated in both bench tests and limited industrial applications. The effects of
textured surfaces are a) enhanced hydrodynamic lubrication with dimples or grooves; b)
cavitation lift pressure to lift the surfaces; and c) reverse flow induced by dimples or grooves; (2)
elastohydrodynamic lubrication regime – the contact pressures are high enough that asperities of
the sliding surfaces occasionally touch each other, sometimes extensively when the load is high
enough. In this regime, both theoretically modeling and experimental results indicated that the
edge stresses due to surface contacts will increase friction. To overcome this “equivalent
roughness” the dimple edge angle, bottom shape and dimple spacing are important under surface
elastic contacts. When there is reasonable continuous fluid film, cavitation lift can also be one of
the mechanisms to create friction reduction; (3) boundary lubrication regime –when surface

contacts are severe enough to create deformation, the dimples can be completely sealed
momentarily or kinetically based on the sliding motion. Full fluid film may not be possible. So
in this regime, contact mechanics between the two contacting surfaces becomes important. Fluid
lift mechanisms will not function. However, if the dimples are designed correctly according the
materials properties, the kinematic contact conditions, the hydrostatic reaction force from the
lubricant inside the dimple when they are compressed due to surface deformation can be used to
generate significant lift force to reduce friction.
Based on this understanding, we designed surface textures on actual piston rings using a
modified microlithographic soft mask technique that we developed. The effectiveness of the
textures was evaluated using a Plint ring-liner simulator rig. The test used actual piston rings and
cross-hatched liner cut outs under similar engine operating conditions. The ring slided on the
liner in a reciprocating motion with both the load and speed controlled with a computer. A
proprietary OEM test procedure was used to test the textured ring.

Fig. 1. Friction comparison between untextured ring vs. textured ring using a step loading test
procedure in a Plint tester with cross-hatched liner
The result shown in Fig. 1 suggests two things: 1) untextured ring failed around 120N load; 2)
the texture ring reduces friction from significantly under high load, arriving at an average friction
of 0.02. This is an significant accomplishment demonstrating the feasibility of the concept.
When we add protective thin film and synergistic chemistry, the friction reduction is more
pronounced throughout the speed and load ranges.
Surface descriptors development
With surface texture design validated, we will need to address the issue of how to create
specifications for textured surfaces. This is a difficult problem. Surfaces are typically made to

be isotropic, i.e. uniform in all directions. But in textured surfaces, there are directionality issues,
multiple length scales (dimples are much deeper than the typical surface roughness length scale).
Australia leads in this aspect of the Annex activity. Surface characterization methods currently
in use were developed for one dimensional surface roughness profiles. However, problems arise
with surfaces which exhibit directionality, i.e. grooves or lines in a specific direction. The typical
examples are the surfaces with textured patterns. For a multiscale analysis of engineering surface
topographies two concepts based on fractal theories were used. The first concept is a measure for
the surface roughness and anisotropy (directionality) at different scales. A variance orientation
transform method [1] was used to calculate a texture minor axis (Sta) and then a fractal
dimension (FD) as FD = (3 – Sta) at each individual scale and direction. For each direction this
produces a directional fractal signature, i.e. a set of fractal dimension calculated along direction
at individual scales. The method also produces a texture aspect ratio that quantifies the overall
surface anisotropy (Str) and a texture direction (Std) that measures the dominating texture
direction.
Recent studies showed that using these texture parameters can detect minute changes, i.e.
increasing load (sliding time) when sliding time is fixed (load) [1]. Studies also showed that the
texture parameters are able to differentiate between roughness and anisotropy of 3D engineering
surfaces (all surfaces have the same average roughness , Sa) at individual ranges of small,
medium and large length scales. This ability could be useful for determining relationships
between friction coefficients and surface topographies [2].
The second concept is a self-transformability, meaning that one part of the surface image can be
transformed into another part of the image reproducing itself almost exactly. It allows an
encapsulation of surface topography information into the set of mathematical transformations,
(fractal model). If, for example, such a model is constructed for an entire textured surface it will
contain the detailed information about the dimple shape, dimple spacing, size, orientation, etc.
(3-5). The fractal model constructed called a Partition Iterated Function System (PIFS), using a
set of contractive affine trans-formations, i.e. each transformation converts a larger part of the
surface into a smaller part (called range) located elsewhere on the same surface. When an
arbitrary image is applied iteratively to the PIFS, a sequence of decoded images (called
intermediate images or transition frames) converging to attractor is obtained (Fig. 2).

PIFS is constructed for the
textured surface image

Textured surface image

transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf

...

etc.

1
4
7
10
13
16
19
22
25
28
31
34
37
40
43

transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf

2
5
8
11
14
17
20
23
26
29
32
35
38
41
44

transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf
transf

3
6
9
12
15
18
21
24
27
30
33
36
39
42
45

PIFS

Two iterations

Initial image is
iterated through
PIFS

Initial surface image

Three iterations

Ten iterations

Figure 2. Example of textured surface decoding from the PIFS. At each iteration an intermediate image
or a transition frame is generated. The figure was taken from [7].

Recent work focuses on use of the PIFS model as a surface characterization method for 3D
analyses of textured surfaces in hydrodynamic bearings [5-7]. Decoded image obtained from
PIFS is not an exact copy of the original surface as some details are lost, i.e. they are not
encapsulated in the transformations. Subsequently, when textured surface encoded by PIFS
model is used in the evaluation and the optimization of hydrodynamic bearings errors can occur
in the calculations of load capacity and friction force. Therefore, parameters of the models were
optimized aiming at minimizing the errors. A textured hydrodynamic parallel pad bearing with
elliptical dimples was used.
Effects of information loss in surface texture details in PIFS model on load and friction were
evaluated using four surfaces (denoted by S1, S2, S3 and S4) with 64 elliptical dimples. The
surfaces show an increase in the complexity of texturing (Fig. 3). Surface S1 exhibits dimples
aligned along the x-axis direction (Fig. 3a). All dimples on this surface are identical. Surface S2
differs from S1 in that one half of the dimples is deeper than the second half (Fig. 3b). Surface
S3 is the same as S1, except that half of the dimples is aligned along y direction (Fig. 3c).
Finally, surface S4 exhibits random dimples of different shapes, depths and orientations (Fig. 2d).
For each surface a range-image was encoded into the optimal PIFS model and then the model
was decoded back into an image. This resulted in 8 range images of textured surfaces. Each
surface was separately used in the parallel bearing and pressure distributions were calculated.
Differences in pressure distribution between the original image (encoded) and the corresponding
decoded image were calculated and they are shown as 256 gray scale level images in Fig. 4. The
black color represents the value of 0 (no difference) and the white color stands for the maximum
absolute difference equals to 0.2. Pressure values ranged from 0 to 6.

(a)

(b)

(c)

(d)

Figure 3. Range images of textured surfaces (a) S1, (b) S2, (c) S3 and (d) S4 (adapted from [7]).

Figure 4. Difference in pressure distributions between the original images and the image obtained after
decoding PIFS: (a) S1, (b) S2, (c) S3 and (d) S4. Darker color represents smaller differences.

Using the pressure generated in bearings the load capacity and the friction force were calculated
and percentage differences between the original and decoded images were recorded. Results
showed that the PIFS models produce the load and friction that were slightly different (i.e. <2%
and <0.04% respectively) from those calculated for the original surface images [7]. This
indicates that PIFS is accurate, with the potential to be useful for the characterization of textured
surfaces. Further studies are needed to confirm the performance of PIFS in bearings textured
with other patterns and worked under other lubrication regimes (e.g. elastohydrodynamic).
5. Exchange of Information during the reporting period:
Technical reports on the progress of the annex were presented during the two technical symposia
held before the Exco meetings in Berlin, Germany (March 2011) and Helsinki Finland, US (Oct.
2011). Results were shared by visits (US visited Lanzhou in August, 2011) and an Annex IV
meeting was held in Lanzhou in conjunction with a technical conference where Israel, US, China,

and Australia (Australia cancelled the trip at last minutes due to sudden schedule conflicts) met
for discussion. .
6. Significance and Impacts:
This annex activity has demonstrated for the first time, that friction of real engine components
can be substantially reduced to improve fuel economy of cars and truck. The exact magniture of
fuel economy gain is not known at this time until actual engine tests are conducted by OEM
partners.
7. Technical Objectives: Is the project meeting the technical objectives as outlined in the
Annex plan?
Yes, the project is meeting the technical objectives as described in the Annex plan.
8. Changes to Annex scope or objective:
The Annex scope and objective remain the same. The milestones were modified slightly by
adding large area fabrication of lithographic masks for texturing of real engine components in
order to use engine simulator tests.
9. Reference cited in the report/publications
1.

2.

3.
4.

5.
6.
7.

M. Wolski, P. Podsiadlo, G.W. Stachowiak, Applications of the variance orientation
transform method to the multiscale characterization of surface roughness and anisotropy,
Tribology International, 43 (2010) 2203-2215..
Menezes, P.L., Kishore, and S.V. Kailas, Influence of surface texture and roughness
parameters on friction and transfer layer formation during sliding of aluminium pin on steel
plate, Wear, (2009) 1534-1549.
P. Podsiadlo and G.W. Stachowiak, Scale-invariant analysis of wear particle morphology a preliminary study, Tribology International, 33 (2000) 289-295.
P. Podsiadlo and G.W. Stachowiak, Scale-invariant analysis of wear particle morphology.
I: Theoretical background, computer implementation and technique testing, Wear, 242
(2000) 160-179.
G.W. Stachowiak and P. Podsiadlo, Surface characterization of wear particles, Wear, 225229 (1999) 1171–1185.
G.W. Stachowiak and P. Podsiadlo, 3-D characterization, optimization and classification of
textured surfaces, Tribology Letters, 32 (2008) 13-21.
M. Wolski, P. Podsiadlo, G.W. Stachowiak, Effects of information loss in texture details
due to the PIFS encoding on load and friction in hydrodynamic bearings, Tribology
International, doi:10.1016/j.triboint.2011.08.013.

INTERNATIONAL ENERGY AGENCY
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Annex V: Advanced Corrosion Protection Technologies for Structural Magnesium Alloys
Used in Transportation Industry
Covering the period: 1/1/2011 to: 12/31/2011
1. Title of Annex: Advanced Corrosion Protection Technologies For Structural Magnesium
Alloys Used in Transportation Industry
2. Annex Participants:
Organizations
1. MTL, Canada

2. McMaster University, Canada
3. Centre-Line Ltd, Canada
4. Meridian technologies Ltd, Canada
5. GM Research, Canada, USA
6. Xian Univ. of Tech, China
7. GKSS, Germany

Contact person
Wenyue Zheng (J. L, C. Shi, Bibby, J. Krausher, M.
Kozdras)
wenyue@nrcan.gc.ca
Joey Kish
kishjr@mcmaster.ca
J. Villafeurte
julio.villafuerte@cntrline.com
J. Jeckle
jjeckle@meridian-mag.com
G. Song
gsong@gm.com
B. Jiang
jbl@xaut.edu.cn
W. Dietzel
wolfgang.dietzel@gkss.de
Sandra Balzereit (On secondment to MTL)
Sandra.balzereit@nrcan.gc.ca

3. Annex Objectives:
The objective of this Annex is to develop advanced coatings that can prevent stress
corrosion cracking (SCC) and galvanic corrosion of magnesium alloys. It also aims to
establish the threshold loading (stressing) conditions for representative wrought products
(AZ31, AM30, ZK alloy) used as structural components. The underlying motivation of
this annex is also to advance our understanding of the micro-mechanisms governing SCC
of Mg alloys in typical automotive in-service environment because such understanding is
crucial in preventing corrosion of magnesium alloys used in automotive area.
4. Technical Progress and accomplishments for the reporting period:

Main focus for 2011: Task III (SCC testing).
In the previous year, the task on surface coating and specimen preparation, as well as initial
microstructural analyses of test alloys, were completed. Electrochemical tests on AZ31 and
AM30, AM60 alloys were also reported. In 2011, the focus is on Task III – SCC testing.
Two test methods were used for this task, i.e., static loading using C-ring method and
dynamic loading using slow-strain rate test (SSRT) method.
III-1: SCC test using C-rings:
C-ring tests were performed using AZ31 sheet alloy as per ASTM G38 test method.
A number of test solutions were used in the tests with the immersion duration ranging from
5 days to 180 days. The applied stress level ranged from 50% to 150% of the yield stress of
the sheet material. These conditions are summarized in Figure 1.

Figure 1. Summary of the test conditions used in the C-ring SCC tests.
The conclusion of this series of tests is that only at very high stress level (150% Yield
strength), the AZ31 develops stress corrosion cracks, as shown in Figure 2.
Due to the fact that Mg alloys can creep readily at room temperature, it is possible that
loading relaxation occurs soon after the loading bolt is torched to the pre-specified level in
this type of C-ring tests. The absence of cracking in majority of the tests indicated that,
when this alloy is used under static-stressing conditions, a good immunity from premature
SCC-related failures can be expected. However, in the real world, strictly static stressing
condition seldom exist in automotive components. Therefore the susceptibility under
dynamic loading conditions is investigated using the slow strain rate test (SSRT) method.

Figure 2. an example of cross-sections showing stress-corrosion cracks developed on AZ31
sample in C-ring test.
III-2. SSRT tests.
The SSRT method is widely used in the corrosion research community as a screening test for
assessing SCC susceptibility of metals and alloys. Tests in a given solution (the corrosion
medium) are usually compared with the results from tests in ambient air.
III-2-1: SSRT tests in Air
Table 1 showing the overall test matrix for ZEK100 and AZ31 wrought alloys.
Experiment series #2: SSRT Test in air and in solution
Slow Strain Rate Test (SSRT)





Strain rate: 5x10-6 1/s
Tested alloys:




ZEK100 (sheet)
AZ31B (extruded profile)

Tested orientations:





Rolling direction (RD)
Extrusion direction (ED)
Transversal direction (TD)

ND
TD-sample

RD/ED-sample
RD/ED

TD

Figure 3. Illustration of the orientations of the test sample used in SSRT tests.

The orientation of AZ31 extrusion samples and ZEK100 sheet samples are shown in Figure 3.
In the case of extrusion, the longitudinal direction is referred as “ED” whereas in the sheet, this
will be the rolling direction (RD). The results are shown in Figures 4 and 5.

Figure 4.Tensile test results for ZEK100 showing strong anisotropy effects on yield stress and on ductility

Figure 5.Tensile test results for AZ31 alloy showing strong anisotropy effects on yield stress and on ductility

In both cases, the samples taken from the orientation perpendicular to the processing direction
(either rolling or extrusion) have higher ductility, whereas the samples from the processing
direction has lower ductility but higher yield stress.
III-2-2: SSRT tests in GM9540P solution
The effects of a corrosion environment, such as the GM9540P SAE standard test solution for
exterior automotive applications, are assessed in Test Series #3. The mechanical loading
condition and the sample orientations were the same as in Series #2 (tests in air), but now the
SSRT testing was carried out with the test samples immersed in aerated solution.
The overall test matrix for this series is summarized in Table 2. In some cases, repeat tests were
performed multiple times in order to assess the consistency of the test results.





Slow Strain Rate Test (SSRT) in solution : Strain rate: 5x10-6 1/s
Tested alloys:




ZEK100 (sheet),
AZ31B (extruded profile)

Tested orientations:





Rolling direction (RD)
Extrusion direction (ED)
Transversal direction (TD)

Table 2. Test matrix for SSRT tests in GM9540P
The test results are summarized in Figure 6 through 9. It is clear that immersion in Gm9540P
solution cause significantly more reduction in ductility in AZ31 alloy than in the ZEK100 alloy.
The elongation-to-failure, one of the SCC evaluation parameter, for AZ31 alloy can be reduced
to less than 10% by the corrosion action of the solution, whereas for ZEK100, this value tends
to be greater than 20%. Nevertheless, the anisotropy effects is again clearly seen when samples
taken from different orientations are compared.

Figure 6. SSRT tests on ZEK100 samples taken from the transverse direction in GM9540P solution

Figure 7. SSRT tests on ZEK100 samples taken from the rolling direction in GM9540P solution

Figure 8 SSRT tests on AZ31 samples taken from transverse direction in GM9540P solution

Figure 9. SSRT tests on AZ31 samples taken from extrusion direction in GM9540P solution

The correlation of the observed mechanical and SCC effects in the two alloys with their
crystallographic characteristics as altered by the different processing techniques (extrusion
versus rolling) is currently being pursued. Detailed results of this correlation study will be
available in 2012/2013 annual report.
6. Significance and potential impact of the results:
The anisotropy effects observed in this work is characteristic of engineering alloys with HCP
structure (Zn, Mg, Zr…), when the processing conditions are such that the mechanical and
corrosion property along the direction directions of the crystal structure are distinctively
differently. There is significant relevance of such anisotropy effect to engineering design. Most

design guides for automotive applications do not take into account of the large differences in the
property of materials along different orientations. The implication from this work is that the
design stress for an application should be based on the strength measured along the weakest
orientation.
This would seem to lead to inefficiency in material utilization, but in the case of an automotive
application, it would be a safe “conservative” approach. The ultimate solution to this problem is
to minimize the anisotropy in this class of alloys. In this case, addition of rare-earth element to
the wrought materials, as in ZEK100, help improve the ductility in the corrosion environment.
The other approach is to use optimal processing conditions that can lead to minimal anisotropy.
For example, rolling or extrusion at higher temperatures tend to produce more uniform
microstructures in similar alloys when excessive grain growth from re-crystallization is avoided.
7. Exchange of Information during the reporting period:
In the past year, two (2) presentations were made at the IEA-AMT Excom meetings.
In additions, two (2) presentations were made at McMaster and one is being prepared for
TMS2012.
8. Technical status: this project is ahead of the planned schedule, and is expected to be
completed in the fall of 2012.
9. Publications
Two publications were produced in the review period:
1.

2.

J.R. Kish, Y. Hu, J. Li, W. Zheng, J.R. McDermid, Technical Note: SEM-EDS
Examination of FIB-Sectioned Surface Films formed on AM60B Mg Alloy in an
Aqueous Saline Solution, accepted by Corrosion, NACE.
Yaning Hu, Joseph R. Kish, Joseph R. McDermid, Wenyue Zheng, Effect of Some
Microstructural Parameters on the Corrosion Resistance of Magnesium Alloys, in proc.
Of 2012 TMS Annual meeting, March, 2012.

Two M.Sc theses are being finalized at the time of writing this annual report. (by Yaning Hu
and SB).
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Annex VI: Co-operative Programme Low Cost Carbon Fibre Composites for Transportation
Applications
Covering the period: Jan 1, 2011 to Dec. 31, 2011

1. Title of Annex: Co-operative program on low cost carbon fibre composites for transportation
applications
2. Annex Contributors:
Alan Wheatley, University of Sunderland (UK)
Warren ORNL (USA), Dept of Energy (USA)
3. Annex Objectives:
Reliable materials design data and predictive modelling tools are vital to engender confidence in
the material. In a similar manner, standard uniform test procedures must be employed to
generate such design data – otherwise diverse sets of data will not be directly comparable. The
carbon fibre family includes traditional carbon/graphite fibres, but also incorporates
developments in low-cost and recycled carbon fibres. The development and acceptance of
appropriate standard test techniques are vital steps in promoting widespread adoption.
Annex VI was extensively revised over the previous reporting period. The current overriding
objective relates to the development of global standards for the production and supply of carbon
fibre.
4. Technical Progress and Accomplishments for the Reporting Period:
4.1 Background
For CFRP to contribute to major weight and fuel savings in the automotive sector then research
is required into all aspects of low cost carbon fibre development (e.g. precursor choice,
processing, surface treatment etc). However, research in many aspects such as selection of
precursor materials and associated manufacturing processes are proprietary and commercial in
nature, some of these aspects are subjected to various legal restrictions. As such they are not
compatible with the IEA IA-AMT operational procedures. Hence, they are excluded from IEA
Annex VI activities. As a result, Annex VI now focuses on standards and information-sharing of
this important class of materials.
4.2 Preliminary Carbon Fiber Industry Views

Late in the 2010, we began a dialogue with the carbon fibre community on the need for carbon
fiber standards. The results of this exercise were reported in the 2010 Annex VI report, and are
summarised briefly below.
The questionnaire that was distributed to and collected from delegates during the “Global
Outlook for Carbon Fibre” Conference (Valencia, Spain, September 2010) was designed to
determine their perceived priority and importance for the development of standard test methods
for determining the properties of carbon fibres. Fibre types were divided into three categories:
Single Filament, Small Tow (< 12,000 filaments) and Large Tow (> 12,000 filaments).
Properties listed were as given below in Table 1. Delegates were asked to rank the relative
importance of developing each test standard on a scale of 1-10 with 10 being the most critical.
Below are the results from that questionnaire. Responses averaging above 7.0 are highlighted in
yellow and those above 8 in green. Black fields indicate that measurement would not be
applicable.

Single
Filament

Small Tow

Large Tow

Table 1: Delegate response in respect of the mechanical properties of carbon fiber.

Mechanical
Properties

Modulus
Strength
Strain to Failure
Shear Modulus
Shear Strength
Compressive Strength
Compressive Modulus
Poisson's Ratio

5.5
5.33
6.6
5.4
5
5.33
5.6
5.86

8.17
8.33
8
7
6.67
7
7.17

8.83
9.17
8
7
6.67
7.33
7.5

Physical
Properties

Dimensions ( Diameter)
Density
Shape
Cross-Sectional Area
Porosity
Anisotropy
Crystallinity (graphitic
structure)
Linear Density
Surface roughness
Filament Count

7.25
6.67
5.83
7.17
4.6
5.83

5
7.42
5
6.42
5.4
5.6

5.75
8
6.6
7.17
6
6.3

4.2
4
7.43

3.6
4.8

4.2
6.6

4.33

8.2

Average Scores
for Need
Property

Chemical
Properties

Carbon Content %

6.5

7.8

7

8.2

4

5.75

7.33

6.4

6.67

7.8

4

4.25

6.33

5

6.75

6.4
6.4
4.4

6
6.6
4.5

7.25
8.25
5.67

7

7.4

9

5.83

7.2

8.75

5.8

4.2

6

5.5

5

6

Elemental Composition
hydrophilic/hydrophobic
characteristics
Fiber-Resin Adhesive
Strength
Limiting Oxygen Index
Surface functionality
Thermal
Properties

Electrical
Properties

Coefficient of Thermal
Expansion
Thermal Conductivity
Anisotropy
Flame Retardancy (oxPAN) LOI
Oxidation Rate/Onset
(Usage limit)
Resistivity - multiple
directions
Internal Conductivity Multiple directions

These results indicate a broad support for activities focusing on standard test methods in
properties across the mechanical/physical/chemical/thermal spectrum. Given the nature of carbon
fiber, mechanical properties are important. Similarly, from an engineering and design viewpoint,
density is also a critical parameter for transportation applications.
4.3 Preliminary Inventory of Standards Provision
Prior to the establishment of a Steering Committee for global carbon fiber standards
development, an inventory of British Standards (including variously BS/EN/ISO standards)
relevant to the topic was undertaken. The properties listed in Table 1 were mapped to existing
British Standards. Table 2 below summarises the results of this inventory.

Table 2: Mapping of current British Standards provision in relation to Carbon Fiber.

Table 2 presents the data currently available but further work is required to guarantee that it is
exhaustive and definitive. As well as the standards listed above, attention is also drawn to the
BS EN 13002 series, described in BS EN 13002-2 (1999) as comprising:
Carbon fibre yarns — Part 1: Designation.
Carbon fibre yarns — Part 2: Test methods and general specifications.
Carbon fibre yarns — Part 3: Technical specifications.
However, though referenced in BS EN 13002-2, Part 3 does not exist outside of a draft produced
for comment in 1998.
Table 2 also confirms that there are clear gaps in standard provision in relation to carbon fiber
properties as listed in Table 1.
Such examples confirm the need for a detailed inventory to identify all relevant standards against
which carbon fibre performance is currently assessed and subsequently to build a consensus on
the suitability of these standards in both range and content.
4.4 Global Standards for Carbon Fiber Steering Committee
It was reported in the 2010 Annex VI report that a steering committee would be established to
oversee the research programme to develop global test standards for carbon fiber. Such a
committee was to comprise senior stakeholders from all sections of the global carbon fiber

community. Such a committee has been established and held its inaugural meeting in July 2011.
The current make-up of the Steering Committee is as shown in Table 3 below:
4.5 Steering Committee Meeting Outcomes
The deliberations of the Steering Committee during its inaugural meeting have been published in
the meeting minutes. In summary, the major topics under discussion were:
•
•

MEMBERSHIP AND ROLES
DRAFT WORKPLAN AND TECHNICAL DISCUSSSIONS
o
o
o
o

Critical Properties of Carbon Fiber:
Project Scope
Standards Inventory
Project Stages

Table 3. Steering Committee Members
Name

Organization

Function

Country

Tia Benson-Tolle

Air Force Materials Lab

USAF R&D

United States

Joern Boes

BMW

Automotive OEM

Germany

Martin Bureau

Natural Resources Canada

R&D Laboratory

Canada

Andy Foley

SGL Carbon Fibers

Carbon Fiber producer

United Kingdom

Bronwyn Fox

University of Deakin

University

Australia

Jerry Gibbs

Department of Energy

AMT Chair

United States

Stephen Hsu

George Washington Univ.

AMT Vice Chair

United States

Jarlath McHugh

BMW

Automotive OEM

Germany

Anand Rao

Toray Carbon Fibers

Carbon Fiber producer

Japan

Ebby Shahidi

UMECO/ACG

Composites Maker

United Kingdom

C. David Warren

Oak Ridge National Lab

United States

Alan Wheatley

Univ. of Sunderland

Non-Voting Vice-Lead
AMT Secretary
Non-Voting Lead

United Kingdom

4.5.1 Membership and Roles
Membership and roles remain to be finalised. Suggestions from current members were invited.
AW offered to chair this inaugural meeting and the offer was accepted. It was anticipated that
permanent membership and roles would be clarified in the near future.

4.5.2 Critical Carbon Fiber Properties
Prior to the meeting a draft workplan had been circulated as a discussion document. During the
course of the meeting, consideration of this workplan merged with more general technical
discussions. The resulting discussions of technical issues were both detailed and wide-ranging.
The draft workplan subdivides carbon fiber properties into (i) physical, (Ii) mechanical, (iii)
electrical, (iv) thermal and (v) chemical. Standards for some, but not all, of these properties were
identified. Such standards are published by many different standards bodies. There is currently
no global consensus on rationalisation and adoption of standards for carbon fiber supply. These
issues are central to this committee’s remit.
(Note that the term “carbon” fiber is used here in a broad sense and is intended to encompass
both “carbon” and “graphite” fiber).
In terms of which properties are most critical, it was felt that end-users were best placed to
decide this. Currently, the highest scoring properties from Table 1 would appear to offer
immediate potential for consideration - though it should be noted that there are several anomalies
or inconsistencies here!
4.5.3 Project Scope
The initial concept was that this work would be restricted to fibers rather than composites, but it
was made clear that the properties of composites (e.g. laminated structures) were of vital interest
to some members. There was much discussion on this point but the majority opinion was that
the work should initially be restricted to a consideration of standards provision for fibers only. It
was felt that extension into the composites arena would introduce many more variables and make
the project unwieldy. Hence, the project would initially consider standards provision for carbon
fiber - to include all forms from single filaments to large tows.
There was also discussion on standards and test-methods which represent something of a bridge
between the properties of fibers and the properties of fiber composites - namely interfacial
property measurement. Here, for example, the fiber-matrix interfacial strength may be measured
but this involves the preparation of a model composite. Because surface activation and interface
management are so fundamental to fiber performance, inclusion of such standards within this
project scope would seem reasonable. Consensus on this point will be pursued at the next
meeting or before.
It was suggested that further bridging of the gap to carbon fiber composite behaviour could
perhaps be achieved by mathematical modelling - on the basis of reliable characterisation data
generated by adoption of uniform standards.
4.5.4 Standards Inventory
During the course of discussions, a clear consensus emerged with respect to the need for a global
standards inventory - not least as a means of defining the starting point for future work. A
consideration of such an inventory would lead to a clearer understanding of current provision,

gaps in provision and suitability for purpose of existing standards. An opportunity exists to
establish a unified set of agreed standards.
At a higher level of detail, the need for suitably defined standard test methods was discussed.
Such test methods need to be evaluated for precision and repeatability. Beyond that, involvement
of standards bodies [e.g. the relevant ISO committee(s)] will be required. The need for user
consensus here was noted.
4.5.5 Project Stages
Discussions on standards inventory continued through to a consideration of how the project
would be staged.
As a result, Stage 1 was defined as:
• Generation of Standards inventory
• Identification of the suitability of the current provision
• Identification of gaps within the current provision
• Achievement of industry consensus on a set of agreed global standards.
Stage 2 of the work will involve:
• Standards/Standard Test Methods development
• Validation and verification via “round-robin” testing
• Formal adoption/incorporation via relevant Standards Organizations.
4.6 Methodology
The originally proposed methodology remains valid and will be pursued. It is reproduced below
in Figure 1 (see also 4.5.5 above)

Figure 1: Program Approach for Development of Test Standards
5. Exchange of Information during the Reporting Period:
Information exchange during the reporting period took place at two formally convened meetings:
Steering Committee Inaugural meeting 26th July 2011; Steering Committee meeting 13th
December 2011.
7. Technical Objectives:
Current progress against technical objectives is on target. Current activity driven by a team of
key stakeholders suggests great potential for the annex and its objectives.
8. Changes to Annex Scope or Objective:
No further changes in scope or objectives, other than those discussed above, have been
introduced or proposed during the current reporting period.

INTERNATIONAL ENERGY AGENCY
CO-OPERATIVE PROGRAMME ON ADVANCED MATERIALS FOR
TRANSPORTATION APPLICATIONS (IEA-AMT)
Annex VII. Co-operative program on development, evaluation and standardization of methods
for testing mechanical properties of nanomaterials for application in automotive industries
Covering the period: Jan 1, 2011 to Dec. 31, 2011
1. Title of Annex: co-operative program on development, evaluation and standardization of
methods for testing mechanical properties of nanomaterials for application in automotive
industries
2. Annex Participants:
Lead:
Dr. Michael Griepentrog, BAM, Germany
Because of serious health problems Dr. Griepentrog will not be able to lead the work in Annex
VII in the future. BAM has not nominated a successor up to now. If BAM will not be able to lead
Annex VII in the future, BAM will be ready to take an active part in the work of Annex VII.
Participants from IEA-AMT member countries:
Dr. Stephen Hsu, GWU, USA
Dr. Guanglu, National Center for Nanoscience and Technology, China
Dr. Chen, SICCAS, China (new)
Dr. Michel Dumolin, Materials and Processes, Canada (new)
Florence Perrin-Sarazin, Institute Industrial Materials, Canada
Dr. Chanmin Su, VEECO, USA
Gregory F. Meyers, The Dow Chemical Company, USA
Dr Alan Brewin, NPL, UK
Dr. Sidney Cohen, Weizmann Institute, Israel (new)
Potential partners from IEA member countries but not AMT signatory countries
Current IEA rules prohibit participants from countries in AMT activities if the government had
not sign on to AMT specifically even though the country is currently participating in other IAs.
For cost share IAs, this rule appears to be reasonable since the major technical activity are
performed by a contractor. For task share research oriented IA, such as AMT, the success of the
IA technical activities depends on the requisite technical expertise amassed by the Annex
Leaders. Sometimes such activity would require the assembly of the best technical minds in an
emerging field and oftentimes, the technical expert may not want to spend an extraordinary
amount of effect in getting the government to sign on to AMT activity. This annex is a case in
point.
In the last year, two cases are noted.
Dr. Bahng, an world-class expert in materials metrology from the Korean Standards Institute,
Korea

Dr. Koichiro Hattori, world-class expert from the National Metrological Institute of Japan NMIJ,
Japan
During the last reporting period it became clear that these colleagues will not take active part in
Annex VII due to the fact that they need to have the government sign on to the AMT.
3. Date of Commencement of Annex:
Start of the Annex was January 2010
4. Annex Objectives:
Nanomaterials have great potential for the topics in transportation technologies (e.g.
polymer/clay nanocomposites for light-weighting, polymeric thin films for electronics, and
friction-reduction/control interfaces). Standard nanomechanical property test methods for this
class of materials do exist, however, the complexity of wide range of nanomaterials, their
composite combinations, and accuracy and precision of measuring the influence of nanoparticles
on the global properties are still in flux. This annex aims to examine the two most commonly
used instrumentations: instrumented indentation test (IIT) and atomic force microscopes (AFM)
for their efficacy in measuring the nanomechanical property of a nanoparticle in a matrix as well
as to compare the results on the same material. Since this class of materials is new, the degree of
difficulty is very high and there are many technical issues to resolve before an international
round robin study can commence.
The general objective of this Annex is to conduct cooperative research on development,
evaluation and standardization of methods for testing mechanical properties of nanomaterials for
application in automotive industries and to establish the nanoscale measurement methodology
that correlates with the measured global property.

5. Technical Progress during the reporting period:
Following activities were planned for the first year:
Evaluation and standardization of IIT test methods for polymer composites.
Definition of calibration procedure
Testing method and instrument comparison
Evaluation of contact mechanics models
Definition of the preparation procedure and global characterization of the main materials
under investigation
Development and evaluation of the round robin design.
Following steps in preparation the planned round robin have been done:
Evaluation and standardization of IIT test methods for polymer composites
This task has two main parts: Testing of polymers and testing of polymer composites.
Developing and evaluating testing methods following properties of polymers have to take into
account:

Low stiffness of polymers
Time dependence of mechanical properties (visco-elasticity, creep, relaxation)
Dependence of mechanical properties on temperature and humidity
At BAM special methods for testing visco-elastic properties (loss and storage modulus) using
dynamic methods have been evaluated successful. These methods are bulk methods and the
resolution is very high. Further we have to recognize that these methods are not available for all
users of IIT.
The influence of temperature and humidity on the measured values of mechanical properties of
polymers, especially Polyamide was investigated by BAM. It was shown, that repeatable results
can only be achieved if temperature and humidity are kept strictly constant and that the results
can be only be compared if temperature and humidity are the same. That means especially at for
the measurement of polyamide special conditions are needed which are not available in every lab.
Developing and evaluating testing methods following additional properties of composite
polymers have to take into account of:
Mechanical properties of the particles in the compound
Size and shape, concentration and distribution of the particles in the compound
Type of interaction of particles with matrix material
The resolution of an indentation system is given by volume deformed under pressure. This
volume is defined by the shape of indenter and the normal force on the indenter. At BAM it was
found that it was not possible to identify directly which indentation spot corresponds to a single
clay particle embedded in the Polyamide.
Definition of calibration procedure
The problem of calibration of Nanoindentation machines and AFM is the estimation of the actual
shape of the indenter tip. At BAM a special method using a reference material (usual
Polycarbonate with a well known modulus of elasticity) and wholly elastic indents was
established and evaluated for calibration of spherical indenters using Hertz theory.
Testing method and instrument comparison
First comparison experiments at BAM using a Nanoindenter XP (Fa. Agilent) and AFM Cypher
(Fa. Asylum) using the calibration procedure, described above, has shown a very good
comparability for an unknown polymer. So the use of spherical indenters is strictly
recommended.
Sample preparation and conditioning
At the beginning of this project polyamide with clay particles was defined as the material to be
investigated.
During the last two years it becomes more and more clear that this material will not be the best
for conducting a round robin exercise. Of course it can be used as the final test material using all
results of the round robin.
The main reasons for this statement are:

Polyamide is very sensitive to humidity. It is necessary to anneal the material and to
prepare a fresh surface before test (e.g. by using a microtome).
From first indentation measurements it became clear the distribution of clay particles in
the Polyamide is not homogeneous.
BAM has bought a new microtome for preparation of fresh test surfaces. Of course it was
possible to prepare fresh surfaces, but the surface quality, especially surface roughness, was very
poor. The next step will be to use a very expensive Diamond knife. The point is, that this
sophisticated sample preparation procedure (annealing, cutting with a Diamond knife) may not
be done by every lab due to lack of equipment. In other words polyamide is very unusual to be
the tested in the round robin. It is recommended to use another, not compound material, like
polycarbonate for the round robin and only after finishing such a first round to investigate
Polyamide compound in only some labs equipped for these tests.
AFM test method development
AFM has the necessary small tip size to probe nanoparticles below 100nm diameter but lacks the
stiffness of the nanoindenters in measuring the indentation marks precisely produced when the
tip impressed on the surface of the nanoparticle. At the same time, the nanoindenters use natural
diamond tips for its hardness and stiffness but it is difficult to fabricate tip diameter smaller than
100nm. Many of the nanoparticles used in making composites are smaller than 50nm, thus
making measuring nanomechanical property of a single nanoparticle using a much bigger tip
very difficult.
Working with Veeco Instrument (now Bruker), new measurement techniques have been
developed to overcome many of the issues, such as using stiff cantilevers, blunt tips to avoid
penetration into the surface, and ultra-sensitive imaging techniques to accurately measure
nanometer scale impressions. Veeco has committed in supplying necessary software and
hardware for AMT study.
GWU has drafted and revised an AFM test procedure for participants to use for such
measurements.
Development and evaluation of the round robin design
The design of the round robin testing using nanoindentation and AFM techniques was completed
and successful tested by the partners BAM, Germany and GWU, USA.
The main recommended changes are:
To use spherical indenters
To use a special developed calibration procedure to investigate the real indenter shape
To use in a first round Polycarbonate as the material under investigation and the
Polyamide clay compound only in a second round
To final the definition of the experimental procedure of the planned round robin the
further discussions with the annex partners have to take place

6. Exchange of Information during the reporting period:
Presentation of the main results of the evaluation of thee dynamic testing methods “Possibilities
and critical analysis of dynamic instrumented indentation testing “ on the International
Indentation Workshop 4 July 2011 Seoul.
7. Schedule: Is the project on schedule?
Yes. The acquisition of partners, ready to accept the rules of IEA AMT and to make
measurements will be the most important point for the next period.
8. Technical Objectives: Is the project meeting the technical objectives as outlined in the
Annex plan?
Yes
9. Changes to Annex Plan:
No changes to the Annex.
10. Publications:
Presentation “Possibilities and critical analysis of dynamic instrumented indentation
testing” on the International Indentation Workshop 4 July 2011 Seoul.No publications in during
the reporting periods.

INTERNATIONAL ENERGY AGENCY
CO-OPERATIVE PROGRAMME ON ADVANCED MATERIALS FOR
TRANSPORTATION APPLICATIONS (IEA-AMT)
Annex VIII Thermoelectric Materials for Waste Heat Recovery: An International
Collaboration for Transportation Applications
Covering the period: Jan 1, 2011 to Dec. 31, 2011
1. Title of Annex: Co-operative program on the development of thermoelectric materials for
waste heat recovery in transportation industries
2. Annex Participants:
USA:

Dr. Hsin Wang, ORNL, USA
Prof. Terry Tritt, Clemson University, USA
Dr. Alex Mayolett, Corning Inc., USA
Dr. Fred Harris, ZT-Plus Inc. USA
Dr. Jeff Sharp, Marlow Industries USA
Canada: Dr. Jason Lo, CANMET, Canada
Prof. Holger Keinke, University of Waterloo, Canada
Prof. Laszlo Kiss, University of Quebec at Chicoutimi, Canada
China:
Prof. Lidong Chen, Shanghai Institute of Ceramics, CAS, China
Germany: Dr. Harold Bottner, Fraunhofer Institute for Phys. Meas, Germany
3. Annex Objectives:
The annex aims to develop test methods for the evaluation of thermoelectric materials and
to develop precision statements for the standardization of these methods.
Specifically, we aim to:
• Develop standard testing methods and procedures for thermoelectrics (bulk and nanocomposite materials)
• Assess the state-of-the-art for thermoelectric materials and identify critical issue to
improve performance
• Conduct international round-robin tests of standard thermoelectric materials (20-500ºC)
• Exchange Technical information
• Characterize key properties (transport properties and others using advanced tools such as
STEM and neutron scattering) of potential thermoelectrics for transportation applications

4. Technical Progress and accomplishments for the reporting period:
October 2009 - 2010 Milestones:
• Formation of annex and information exchange (annex meeting in Shanghai, June 2010)
• 1st round-robin on bismuth telluride completed by 12/31/2010

•

Report to IEA-AMT and International Society of Thermoelectrics

2011 Milestones:
• Information exchange (annex meeting in Travers City, July 2011)
• 2nd round-robin on p-type bismuth telluride completed by 10/31/2011
• Topical report to IEA published by November 2011
2012 Milestones
• Information exchange (annex meeting in Demark during ICT2012 in July)
• Publish papers based on bismuth telluride round-robin results
• Initiate high temperature round-robin of PbTe
• Complete 1st PbTe round-robin by 12/31/2012
• Report to IEA-AMT and International Society of Thermoelectrics
2013 Milestones
• Information exchange (annex meeting in Kobe Japan during ICT2013)
• Publish paper(s) of PbTe round-robin results
• Initiate study of thermoelectric module efficiency testing
• Report to IEA-AMT and International Society of Thermoelectrics
First international Round-robin study:
The first round-robin on bismuth telluride was conducted in 2010 all the participating labs
completed testing two sets of specimens (n-type and p-type). The results showed significant
problem in thermal conductivity measurements (thermal diffusivity and specific heat). The
largest measurement error came from heat capacity measurements. The Annex round-robin
results were well received by the thermoelectric community. It was considered a timely and very
important contribution.
Second international Round-robin study:
After the discussion on the first round-robin results, the second round-robin testing began in
August of 2010 and was completed by August 2011. Two sets of p-type materials were measured
at 7 labs in 4 countries. The results of round-robin 1 were given to all the labs as reference. The
issues identified in round-robin 1 were discussed by participating labs. The same test
instruments used for round-robin 1 were used for all the transport properties in round-robin 2.
All the labs completed tests on all specimens. In some cases, thermal and electrical properties
testing were carried out at different labs within the same country.
Thermal diffusivity: The thermal diffusivity results from 7 labs are shown in Figure 1. Except for
one measurement by Lab #6, the scatter at room temperature was about +4% and the largest scatters
of +10% were observed at 200ºC. Larger scatters occurred comparing to round-robin 1. Since the
same materials were passed around, the differences results from sample-to-sample variations were
minimized. One lab used a cryogenic temperature system to measure the diffusivity down to
-150ºC. The data agreed well with the lab averages, and it gave a better idea on the trend of
diffusivity vs. temperature.

Figure 1. Thermal diffusivity results of round-robin 2 from 7 labs.

Specific Heat: The specific heat results from 7 labs are shown in Figure 2. Although specific guide
lines were sent to the labs, DSC measurements continued to present the biggest challenge. More
than +15% scatter were observed in the combined data. In most cases, the test procedure was
followed. However, the nature of DSC measurements, i.e. three separate runs must be taken to
calculate Cp, made this test the most difficult one to be reproducible. In the most common DSC
systems, the baseline change is a fact and cannot be controlled by the operator. In some cases, the
variation can be identified. For example, the results from Lab#2 in Figure 2 showed significant
“hook” in the beginning of the run. This is usually caused by a mismatch in mass or size of the
reference sample. The reference sample should match the test sample in mass and shape as close as
possible. There were also two cases of uncorrected baseline shifts that resulted in larger deviations
from the Dolung Petit limit of 0.186 J/gK for the p-type material.

Figure 2. Specific heat results of round-robin 2 from 7 labs.

Seebeck Coefficient: Seebeck coefficient results from 7 labs and Marlow are shown in Figure 3.
Similar to round-robin 1, the agreements in Seebeck measurements were much better than other
properties. All 7 labs used ULVAC ZEM systems. One lab also ran the test using a lab-made system
which used a different contact mechanism. The Marlow data was obtained using modified Harman
method on a 4 x 4 x 5 mm3 specimen. For all the ULVAC ZEM results, the scatter was about +4%
in the entire temperature range. The end-contact method gave lower Seebeck values. The Marlow
Seebeck values lay in between the ULVAC values and End-contact values. Because of the size of
the probes in ULVAC system it is possible to over-estimate the Seebeck values. On the other hand,
the end-contact method could be underestimating the Seebeck values. No large variations were
observed in the Seebeck coefficient results.
Electrical Resistivity: Electrical resistivity results from 7 labs and Marlow are shown in Figure 4.
All the data were obtained from simultaneous measurements with Seebeck coefficient. Each lab
measure a long (2 2 x 15 mm3) sample and a short sample (3 x 3 x 12 mm3) for each set. The scatter
was about +5% near room temperature and increased to about +9% at 200ºC. A total of 4 specimens
were measured by each lab. Not all the ZEM system were equipped with digital probe spacing
measurements features. Errors introduced by geometry measurements still exist. However, the
increasing scatter at higher temperatures indicated the measurements and data analysis have not been
optimized. The Marlow data showed very good agreement with the round-robin results up to 75ºC.

Figure 3. Seebeck coefficient results of round-robin 2 from 7 labs and Marlow.

Figure 4. Electrical resistivity results of round-robin 2 from 7 labs and Marlow.

Summary of Round-Robin 2: The second round-robin among 7 laboratories using the Marlow Bi2Te3
was completed within 12 months. By measuring the same specimens, the differences introduced by
sample-to-sample variations were minimized. However, measurement issues still existed. In some
cases the data showed larger scatter than the first round-robin. In general, we found:
1. Thermal diffusivity of p-type materials showed +4% scatter at room temperature and +10%
scatter at 200ºC (except for one sample from one lab).
2. Specific heat showed more than +15% scatter in the temperature range. Half of the labs could
measure within 4-5% of the Dulong Petit limit. Results from some labs still show lack of
checking with standard or uncorrected baseline shifts.
3. Seebeck coefficient showed good agreement and about +4% scatter over the entire
temperature range. Results using another contact method indicated the possibility of
systematic error of a few percent.
4. Electrical resistivity results showed better agreement than round-robin 1. The room
temperature scatter was about +5%, and it increased to +9% at 200ºC.
The two round-robin study of bismuth telluride showed the current status of transport properties
testing. The International Society of Thermoelectrics (ICT) has recognized the significance of this
work and formed a three-member standard committee consisting two members of the annex VIII,
Hsin Wang and Harold Bottner. The 3rd member, Lon Bell is the founder of one of participating lab
ZT-PLUS.

5. Significance and Impact:
Annex VIII is addressing one of the most important issues facing the thermoelectric community:
reliability of transport data. The round-robin results showed significant problems in two of the

four measurements that determines the figure of merit (ZT). The test procedures developed by
Annex VIII is critical to the transition from laboratory materials development to module and
device production. It has significant impact on the commercialization and scale-up and
manufacturing of thermoelectric devices.
6. Exchange of information during the reporting period:
1. January 2011, Coronado, San Diego California, DOE Vehicle Technology Office
workshop on thermoelectrics. Presentation of IEA-AMT annex VIII by Hsin Wang.
Annex participants from China, Germany and US exchanged information during the
meeting.
2. July, 2011 International Thermoelectric Conference in Travers City Michigan,
presentation of international round-robin 1 by Hsin Wang and all annex participants.
Annex meeting was held with participants to discuss round-robin 2 results.
3. Two presentations during the Exco meetings in Berlin Germany (March 2011) and
Helsinki Finland (October 2011).
4. IEA-AMT Annex VIII test procedures for transport properties measurements were
developed at the conclusion of round-robin 2
7. Technical Objectives:
No change in the technical objectives for the annex. Since June 2009, the technical activities
have been planned and systematically implemented.
8. Changes to annex scope or objective:
None
9. Publications:
ORNL TM Report 2011-393: TOPICAL REPORT: INTERNATIONAL ROUND-ROBIN
TESTING OF BULK TEHRMOELECTRICS, November 2011.

