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Advance Fiber Placement

Active on tank valve, (solenoid valve, 70 MPa)

Balance of Plan

Carbon fiber composites

Extrusion blow molding

Ethyl Vinyl Acetate

Ethyl Vinyl Alcohol

High pressure regulator (reduce pressure from 70 MPa to about 3 MPa)
Low pressure regulator (reduce pressure from 3 MPa to injector acceptable range)
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Gas handling Unit, which contains ExRegH, ExReglL and MSV

High Density Poly Ethylene

hydrogen fuel storage system

Injection stretch blow molding

Liquid Crystalline Polymers

Mid-stage valve, an electrical valve used as the safeguard to the downstream device
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Executive Summary

A technical and design evaluation was carried out to meet DOE hydrogen fuel targets for 2010. These
targets consisted of a system gravimetric capacity of 2.0 kWh/kg, a system volumetric capacity of 1.5
kWh/L and a system cost of $4/kWh. In compressed hydrogen storage systems, the vast majority of the
weight and volume is associated with the hydrogen storage tank. In order to meet gravimetric targets
for compressed hydrogen tanks, 10,000 psi carbon resin composites were used to provide the high
strength required as well as low weight. For the 10,000 psi tanks, carbon fiber is the largest portion of
their cost.

Quantum Technologies is a tier one hydrogen system supplier for automotive companies around the
world. Over the course of the program Quantum focused on development of technology to allow the
compressed hydrogen storage tank to meet DOE goals. At the start of the program in 2004 Quantum
was supplying systems with a specific energy of 1.1-1.6 kWh/kg, a volumetric capacity of 1.3 kWh/L and
a cost of $73/kWh. Based on the inequities between DOE targets and Quantum’s then current
capabilities, focus was placed first on cost reduction and second on weight reduction. Both of these
were to be accomplished without reduction of the fuel system’s performance or reliability.

Three distinct areas were investigated; optimization of composite structures, development of “smart
tanks” that could monitor health of tank thus allowing for lower design safety factor, and the
development of “Cool Fuel” technology to allow higher density gas to be stored, thus allowing
smaller/lower pressure tanks that would hold the required fuel supply.

The second phase of the project deals with three additional distinct tasks focusing on composite
structure optimization, liner optimization, and metal fitting development to lower cost, improve
gravimetric efficiency and volumetric efficiency.

1) Optimization of Composite Structure

Using lower cost fibers was required in order to make significant progress towards cost goals. When
Quantum first developed their 10,000 psi tank, aerospace grade fibers were used because of their very
high tensile strengths. Aerospace fibers have typical tensile strengths greater than 900,000 psi; however,
their price was over $100/Ibs. By the start of this DOE program Quantum had moved to medium cost
fibers with tensile strength around 800,000 psi and prices around $35/Ibs. One of the primary goals of
the program was to develop the 10,000 psi tank using fibers with tensile strength of 700,000 psi and
that cost ~ $15/Ibs. This was the single biggest factor to reduce tank cost. As the tensile strength of the
fiber is decreased the weight of the tank is increased. The secondary goal was to improve translation
efficiency from approximately 63% to greater than 80%. Over the course of the program both these
goals were achieved and Quantum looked at additional methods to further reduce fiber cost and usage
including advance fiber placement, manufacturing design of experiments, and alternative, lower cost
fibers.

2) “Smart Tanks”

“Smart Tank” technologies have been investigated several times over the last 15 years with varying
results. Our focus was to look at instrumenting the tank with strain sensors and developing criteria to
determine if critical damage had occurred to the tank that would lead to an eventual failure of the
composite structure. During the program we looked at different strain monitoring techniques and
evaluated their individual strengths and weaknesses. We also looked at the robustness of the composite
shell to impact damage and where sensors would have to be placed to detect damage. It was
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determined that local damage could be detected if the sensor was within 1 to 3 inches of the damage
location. It was also determined that the sensors could reliably detect degradation of the composite
structure several hundred cycles prior to eventual failure of the tank. From this Quantum estimated that
safety factors could be reduced from 2.25 to 1.8 without effecting the overall safety of system.
However, after estimating cost for instrumentation of the tank and additional vehicle hardware, a net
savings of less than $1/kWh would be realized.

3) “Cool Fuel” Technology

The use of cool fuels involved evaluating storing the hydrogen gas at -70°C in the storage tank, thus
increasing the density to a level that would allow smaller tanks, lower pressures, or both. In the study
Quantum looked at the fill cycle and storage technology and vehicle dormant issues. For the purpose of
the study an in tank heat exchanger was designed and it was assumed that the station would supply low
temperature fluid during the fill cycle to offset the heat of compression of the hydrogen tank.
Additionally high efficiency insulation was needed on the outside of the tank in order to allow the gas to
remain at low temperature and pressure before the need to start venting off excess pressure. The study
showed that, like the instrumented tank, by the time additional hardware was added to the tank the net
saving was again less than S1/kWh.

By the end of 2006 Quantum had determined that the “cool fuel” and “smart tank” technology had
major technical hurdles and progress towards DOE goals were minimal. Therefore, for the remainder of
the program Quantum focused on reducing tank cost and weight by looking at further improvements of
composite design, improvements to liner technology and reduction of metal fittings and cost.

Quantum has made significant improvements and has exceeded DOE targets for gravimetric capacity
with a value of 2.13 kWh/kg. Also, the cost of a system has been reduced to $45.9/kW-hr and Quantum
is continuing to look at additional methods to reduce cost for production volumes of ~ 300k tanks per
year. Volumetric capacity has stayed mostly stable over the course of the program because of the
requirement to store 129L of gas at 10,000 psi. Only minor adjustments have been made to the
thickness of the composite shell which has almost no effect on overall system volume.

1. Program Goal:

The goal for this project was to validate a commercially viable high performance, compressed hydrogen
storage system for transportation applications, in line with DOE storage targets for 2010, focusing on
cost reduction and volumetric and gravimetric improvements on the fuel storage system. To accomplish
this Quantum focused on improvement of the fuel storage tank in three areas;
e Reduction of weight and cost of the tank through material optimization, process improvement
and use of lower cost materials,
e Reduction of carbon fiber usage through the use of “smart sensors” that monitors health of fuel
storage system thus allowing lower factor of safety on design,
e Increasing the density of the hydrogen in the storage tank by storing at lower temperatures,
allowing smaller tanks to be used to reach range targets.

2. Phase 1 Objectives
Phase one consisted of a feasibility study and conceptual design of the fuel storage system focusing on

the improvement of the type IV 10,000 psi tank. Phase one is divided into 3 separate tracks (see Figure
1).
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Phase 1 Track 1 Track 2 Track 3
Trade Study Composite Sensor CoolFuel™
(FY 2004) Optimization Integration Study

Figure 1 - Phase 1 Trade Study

Track one focused on the optimization of the tank design. At the beginning of the program current
10,000 psi tanks utilized high performance and high cost fibers. These fibers have a tensile strength of
approximately 800 ksi and cost around $58/kg. Additionally fiber translation for 10,000 psi tanks was
only 63%. Low translation was due in part to poor consolidation of composite structure on thick walled
vessel and loss of fiber performance because of limitations in filament winding.

2.1. Track 1 Objective — Composite Optimization

Quantum developed a 28L, 10,000 psi tank as a baseline for cost comparison. This baseline tank was
built using medium performance fibers (see Table 1). Material costs for the tank were $2,600, and the
tank held 1.08 kg of usable hydrogen. Next Quantum characterized low cost fibers tri-axial properties in
order to optimize fiber usage. This was accomplished by building small tanks with integrated tri-axial
strain gauges throughout the thickness of the composite structure then bursting the tanks. From the
results of the burst tests, axisymmetric FEA models were developed for the 28L tank using low cost
fibers.

Table 1 - Carbon fiber General Comparison

Tensile Strength Tensile Modulus . Approximate | Cost per
Fiber Fiﬁar?“lfents (ki) (MPa) (ksi) (GPa) Elo?&a)tlon Dry Fiber Strength
Cost ($/kg) metric
High Performance | 12K 900 6,370 42.7 294 2.2 $170 6.8
Mid Performance | 18K 790 5,490 42.7 294 19 $58 2.6
Low Cost 24K 711 4,900 334 230 21 $20 1.0

Quantum evaluated four different carbon fibers from three different manufacturers. Figure 2 shows
burst results for each of the materials. From these results it was determined that material 2 was the
most cost effective of the fibers tested.
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Phase | - Track 1 Burst Results

Subscale Tank System
40,000 28-liter at 70 MPa

Full Scale Tank System
160-liter at 70 MPa
6.3 kg Hydrogen Storage

F 1.1 kg Hydrogen Storage
35,000 + -
__ 30,000 £ -
= 5
e F ]
o 25000 f—f —
=] L &S
7 [ | s
5 20,000 T E § —
o E g — 3 = =
% 15,000 — & - — 5 ® o <3 [ -
5 r =)} — [C] H (O] (0]
m F = = o 5 S 3 Q S S
10,000 f—{ = S = 2 @ 8 S 3 =] S [ |
' r 0 Ire} 3 =] < S < <
L 7o} — © N o~ @ o~ o~
r|g 5 = -
5,000 + & al -
r o Commercial Grade fiber | | Mid-grade Fiber #2
0 B |  —  —  —  —  —  — —
é}‘& é}éz ‘ O?V ) Q@b . §0 &Q)o\ c,\<§ é\,\\e é}& &Q)o\ &Q)()\
& & 2 2 2 N K G & Q Q<
> 2 & & & Q (5 2 o >
. - < Q < S & .Q o &8 &
o N3 S > D> oA o o5 B & S
& & 4 & Y & o @ & P %
52 &9 & & N & & 52 52 % s
A\ ~ R R R O & ~ N @ >
G % G & & i N
& & & < Ng
& X & & » Q
& & & © & g
W ~ W A ée“ &
& o &
& W2 W
~ &
Q>\
‘@\

Figure 2 - Fiber Evaluation Burst Results

Further optimization of the layup and manufacturing process was conducted in order to reach a final
material cost for the 28L tank using low cost fiber of $1,300. This tank was tested for burst and cycle
performance and the results were compared to those of the baseline tank. Burst and fatigue data were
not compromised and safety was considered to be equivalent to, or better than, the baseline design
because of its greater composite wall thickness, which may give additional protection from exterior
impact and abrasion. The gravimetric value did decline due to the increase of material used on the
lower cost fiber. While the baseline tank has a gravimetric efficiency of 0.66 kW-hr/kg, the low cost
fiber tanks have a gravimetric efficiency of 0.83 kW-hr/kg. When this was scaled up to the full scale tank
at the end of the program, we were able to reach a gravimetric efficiency of 2.13 kW-hr/kg. This was
accomplished with only weight reductions in the tank and not in the BOP.

2.2. Track 2 Objectives — Tank Instrumentation to Reduce Design Factor of Safety

For track two, Quantum evaluated the use of “Active Sensing” in order to be able to reduce the design
safety factor without compromising the safety of personnel around the fuel storage system. Quantum
investigated the integration of strain sensors in the cylindrical and end domes of the composite
structure. These integrated sensors would be linked to the vehicle electronics and could possibly shut
down operation of the vehicle or prevent restart if readings indicated degradation of the tank had
occurred (see Figure 3).
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Figure 3 - Possible Vehicle Tank Monitoring Schematic

Quantum evaluated three different strain monitoring tools. These were biaxial strain gages, fiber optic
cable, and “belly bands”.

Initial evaluation was done by inducing localized damage on 10,000 psi tanks and monitoring strain
change as the tank was cycled from 300 psi to 125% of service pressure. However, due to the rugged
nature of the 10,000 psi tank, reproduction of the results was not achieved. For this reason evaluation
was changed to a 34L, 5,000 psi tank.

Testing was conducted on the 5,000 psi tank design to determine sensor spacing requirements to ensure
degradation of the composite structure prior to failure of the tank was captured. This was done by
dropping the tank from 9 feet onto a steel bar. The Impact location was marked on the tank and strain
gages were attached to the external surface along the longitudinal axis and around the circumference of
the tank (see Figure 4). The tank was then pressure cycled and strains were monitored. The tank was
pressure cycled at increasing pressures until strain levels were seen to be increasing. At 8,000 psi strains
consistently increased until the tank failed 840 cycles later. Hoop (radial) strains near the impact
location showed an increase in fiber loading; however, longitudinal strain decreased with each cycle as
the helical layers carried less load.
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70 MPa Pressure
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|
-y Computer Running
-+ LabVIEW

7

Analog Strain Sensors
Pre-Damaged by 2 nine-foot drops

FBG placed along hoop direction
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Figure 4 - Strain Gage and Fiber Optics Instrumentation.

These tests showed that the sensitivity range for the strain gages to detect the onset of tank
degradation is in the range of one to three inches from damage location.

Next, Quantum investigated the use of fiber optic cables wound into the composite structure as a
method to monitor the overall condition of the tank. Spacing of adjacent winds was based on the results
of sensitivity tests conducted using surface mounted strain gages. Redundant fibers were wound into
the tank to increase the odds of getting readings from the fiber optics. By sending light at a particular
wave length and then monitoring the reflected signal, increases in length of the fiber optic can be
measured. By calibrating the signal received from a FBG interrogator, we can get a strain reading from
the fiber optic. This reading is then monitored to show the health of the tank.

Using the fiber optic cables to monitor tank health had mixed results. The system was able to monitor
the entire tank and detect degradation of the composite structure; however the fiber optics were
unreliable. Reliability issues were traced to the following areas:

. Damage to the fiber optic during winding

. Damage to the fiber optic where it penetrates composite

. Damage to fiber optic at connector

> Typically from connector weight causing optic to fold over
. Issues making a good connection for clear signal to FBG interrogator

When the instrumentation worked we were able to monitor degradation and demonstrated that
damage that would lead to eventual failure of the composite structure could be detected several
hundred cycles before the tank failed. Further work is required with the fiber optics in order to develop
a more robust system.

The third method for monitoring increase in strain was using “Belly Bands”. Belly bands are high
resistance wiring that is wound around the tank. A constant low voltage is put through the wire and the
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change of current is monitored as resistance of the wire fluctuates proportional to wire length and cross
sectional area. Quantum did not commit significant effort on the “belly band” as signal quality was very
poor and changes in strain as the tank deteriorated usually was less than the noise in the signal. This
method could possibly be improved if sufficient isolation of the signal could be developed.

2.3. Track 3 Objectives — Cool Fuel

For Track three, Quantum looked at increasing the storage capacity of the compressed hydrogen tank by
increasing the fuel density. Because the polymer liner is not able to withstand temperatures down to
cryogenic levels, the temperature was limited to 203 K. This allows a 23% increase in fuel storage over
storage at ambient temperatures. Figure 5 below shows various strategies for the Cool Fuel System.

Supply | Delivery | Delivery | Resulting | Tank Design | Design | Extenuating
Refrigeration Refrigeration Purpose of Tank Attributes Parameters Circumstances
Design System Design

:
Boil Off @

Desired Insulation} } Weight ‘
Temperature
-
Liquid

Hydrogen Dormancy
Active | Cooling Rate
=

CoolFuel ™ System Design Z Cooling —
A 1 icienc
0.0316 Kg/L Refrigerate for Mobile i :
203 K Post-Fill Cooling only Cooling Discharge .
X Thermodynamics|
- Refrigerator Capacity
CompressediH Refrigerate =/ o ign for Heat Passive
Gas \[| | During Fill Exchanger | System Design Cooling

(Heat Rejection)| || for Temperature
Maintenance

Refrigerate i
@ Station | [ Rg rigerator
Design for Bulk

Storage

Figure 5 - Possible "Cool Fuel" Strategies

To evaluate which method to utilize Quantum built the following analytical models from first-principles.
This work was subcontracted to FEA Technologies of San Clemente, CA.

2.3.1. Thermodynamics
The thermodynamics portion of the model included time-based solutions for the thermo physical
properties of the fuel in the tank during the charging and discharging processes. The matrix of fuel

properties was obtained from software that is commercially available from NIST. Isentropic, isothermal,
and non-isothermal processes were modeled in order to bracket the parameters of interest.
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2.3.2. Thermal/Heat Transfer Modeling

The thermal and heat transfer modeling were two-fold. First, a simple transient conduction and
convection model was developed to simulate heat transfer from the gas internal to the tank to multi-
layered tank wall to gas around the tank. Second, a global or bulk model was developed to simulate
heat transfer for the tank system as a whole and the heat impingement from the environment.

2.3.3. Consumption Rate Phenomena

Consumption rate phenomena have a strong bearing on the fuel temperature and pressure in the tank.
Because the consumption rate problem adds considerable complexity to the time-based solutions, it
received considerable attention.

For the full scale tank with a hydrogen density of 0.0316 kg/l a 160L 5,000 psi tank would hold the
required 5 kg of hydrogen. Based on the thermal analysis, achieving a gas temperature of -70°C at the
end of the fill is challenging due to heat of compression. This heat would have to be rejected during the
fill at a rate of 8.3 kW/kg. Quantum proposed using a heat exchange system that would allow the filling
station to remove this heat during the fill process (see Figure 6)

".’H.IH'#HII'V HniI

Figure 6 - Active Heat Rejection Concept

Calculations for maintaining fuel at -70°C indicated that it would take significant energy to actively
maintain low temperatures. For this reason Quantum investigated using insulation for maintaining
temperatures in the tank. With adequate insulation, a tank can be left dormant for a period of
approximately 10.5 hours before slow venting must begin (assumption: ~22.5 J/s/m”2 of heat transfer,
achieved with insulation providing 0.005 W/m-K, or R30). Even if venting must occur to relieve all of the
extra pressure, the worst-case result is a normal 5,000 psi system. Based on these results Quantum
estimated that the most efficient strategy would be to design a system as shown in Figure 7.
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Figure 7 - Selected Strategy for “Cool Fuel” Design

A cost savings analysis for the “CoolFuel” based on estimates for increase in materials and equipment
for insulating the tank and rejecting excess heat during refueling gave a net savings of less than $1/kW-
hr.

Based on the results of track 2 and track 3 yielding only small progress towards DOE Freedom Car goals
activities on these two tasks were discontinued after 2006.

3. Phase 2 Objectives

Based on the results of the first three years of work, phase two efforts were focused on tank
optimization of composite structure, polymer liner and metallic fittings.

3.1.Track 1 Objectives — Composite Structure Optimization

During phase one of the program, significant improvements were made in reducing pressure vessel cost
by developing design and manufacturing techniques that allowed the use of “low cost” fiber. This,
however, had a negative effect on volumetric and gravimetric performance as increased quantities of
the low cost fiber were required as compared to the medium cost fibers.

In order to reduce carbon usage Quantum began looking for a way to continue the optimization of the
composite structure using a technique called localized re-enforcement. This technique was thought to
allow the composite to be better utilized for its strength capabilities. By better utilizing the strength of
the composite, some of the composite would no longer be needed, allowing for weight reduction,
decrease in the composite volume, and cost reduction of the pressure vessel. Quantum worked with
Automation Dynamics of Albany, New York and ATK Space Systems of Ogden, Utah, both experienced
advance fiber placement manufacturing facilities. With these outside vendors to assist with design,
analysis and fabrication, three different tanks were developed. Unfortunately these tanks weighed more
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than the baseline tank and had lower performance in terms of burst strength. From the results of the
development of the first advanced fiber placement tank, which was conducted over a one year period, it
was decided that the scope of developing new hybrid filament wound and advanced fiber placement
tanks was beyond the timing and budget for this program and that the remaining funds and time could
better be spent on other areas of tank optimization. Continued research of advanced hybrid tanks is
being conducted on a separate DOE co-funded program number DE-FG36-08G018055.

3.2.Track 2 Objectives — Liner Optimization

The goal of track two was to optimize weight, volume and cost of design and manufacturing
technologies in liners. This was achieved through material development of the liner, specifically
exploring characteristics related to PET and PEN plastics and other polymers. The aim of the study was
to identify suitable materials that would meet the tank usage environment requirements and reduce the
liner thickness. This in turn reduces tank cost and weight. In conjunction, a review of polymer molding
options was evaluated.

3.2.1. Literature Review

The liner system can be made into either a single layer or multi-layer membrane. Besides acting as a
barrier to prevent permeation of stored gas, the liner also serves as a mandrel for the filament winding
process. The liner material is required to be of high toughness to eliminate the possibility of crack
initiation stemming from an impact event.

HDPE is widely used as a liner material in type IV tanks because of its excellent toughness (especially at
low temperatures), low gas permeability, and ease of manufacturing. Currently, the manufacturing
process of HDPE liners is done by in-house rotational molding. The thickness of the liner averages 5 mm,
which is much thicker than commercial plastic bottles. This thickness is needed to meet the required low
hydrogen permeation rate of less than 1.0 cc/ (1*h) at service pressure and 20°C.

The composite usage is proportional to the liner thickness. A thicker liner has a larger outside diameter
for a set tank volume; therefore the composite has a larger inside diameter. At a given pressure the
hoop forces on the inside of a composite structure are directly proportional to the diameter. The larger
the composite inside diameter the higher the force on the inner-most composite layers'.s

To avoid failures of the composite inner-most layer, the composite wall thickness must be increased.
However, increased composite wall thickness reduces the reinforcing efficiency of the composite
material, because the stress distribution through the composite wall is not linear®. This in turn requires
more composite usage to compensate for the non-linear loading of the composite. Cost and weight are
therefore detrimentally affected by the increased usage of polymer (HDPE) material and composite. The
aim then is to improve the cost and weight efficiency through a reduction in liner thickness, which
requires the usage of materials with much lower gas permeability than HDPE, but with at least
comparable toughness.

There are several considerations in evaluating potential polymer materials for the liner. As mentioned
previously, the two most important ones are low gas permeability and high toughness (high impact
resistance). There are also other considerations, depending on the application environment of the liner
system, as well as the requirements the liner has to meet in order for the pressure vessel to pass
standard tests [i.e. EIHP]. These include:
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1. Thermal stability: the liner has to withstand an ambient epoxy curing temperature of about 150°C for
at least 6 hours

2. Fatigue resistance to tensile and bending stress: the liner has to withstand at least 15,000 hydrostatic
test pressure cycles, with the minimum pressure at 2MPa and maximum 87.5MPa, and temperature
between -40 to 85°C.

3. The liner has to withstand chemical corrosion from automobile fluids. EIHP lists the following as
reference: 19% Sulphuric acid solution, 25% Sodium Hydroxide solution, 5/95 Methanol/Gasoline, 28%
Ammonium Nitrate solution, and Windshield washer fluid.

4. Lastly, the raw material cost is an important factor to consider.

As a review, gas permeability measures the ease with which a gas can pass through a medium (polymer
liner in this case). Gas permeability therefore is a function of the plastic material in terms of molecular
interaction, crystalline, molecule orientation, filler content, cross-linking density and fluorination. Since
there is limited information on hydrogen gas permeability in plastic materials available, we use the
permeability data to other gases as reference for comparison reasons, such as CO,, H,0, N,, etc.

Initially, we studied existing materials which are used in bottle and packaging applications and have
excellent barrier performance to gases. A literature review was done to understand material limitations
and provide a basis to commence development work. Some examples of these materials are listed and
compared in Table 1, courtesy of Flextank Inc.?

Table 1. Gas Permeability of various polymers at 80% R. H.

Permeability, cm3/m2/24 Hrs, atm/1 mm
Polymer Oxygen Carbon Dioxide Nitrogen
25¢eC 35¢C 25¢eC 35¢eC 25¢eC 35¢eC
EVOH, (i.e. “EVAL F”) 0.021 0.051 0.075 0.16 0.002 0.005
PVDC, (i.e., “Saran”) 0.058 0.17 0.43 0.05
Oriented Nylon 6, (i.e., Cryovac) 0.64 1.3 2.6 0.27
Unoriented Nylon (food/dairy | 1.6 3.1
pouch)
Oriented PET (i.e., bottle grade) 0.90 2.0 7.6 0.18
Unoriented PET (un-metallized) 1.8 4.0 15
Metallized PET (25-50 p for wine) ~2.0
HDPE (S. G. =0.96) 58 111
HDPE (S. G. =0.935) 117 190
LDPE (S. G.=0.92) 215 289
HIPS 101
Unoriented PVC 6.5

The most promising material for further study is poly ethylene terephthalate (PET), used extensively in
packaging applications because of its gas barrier performance and optical clarity when compared to PE.
It is also comparable in price’. The gas permeability of PET can be further reduced by laminating or
blending it with some low permeability material like liquid crystalline polymers (LCP). This however
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requires very good adhesion between the two components and has a lot of challenges in the blending
process because LCP needs to form a continuous phase to effectively reduce permeability. Some success
has been realized with a PET/LCP blend whereby 30 wt% LCP exhibited 96% lower oxygen permeability
than raw PET.

It was found that poly ethylene naphthalate (PEN), saran, EVA or acrylonitrile copolymers® can be used
as a barrier, and coextruded with PET to form a tube structure, which can be cut into desired length and
blown into certain articles. However, these barrier materials do not adhere to PET well and delamination
could happen. Some barrier materials like copolymers of terephthalic acid and isophthalic acid with
ethylene glycol have similar chemical structures as PET, and, therefore, they possess good miscibility.
These barrier materials can form blends with PET to lower the PET gas permeability without serious
delamination®. Nano clay reinforced PET formulations were also developed because they have improved
gas barrier properties®”®. It was found that organic modification of montmorillonite clay to exchange
Na+ with an amino acid salt increases the spacing between silicate layers and makes the galleries
between the layers more organophilic (water resisting)”®. The addition of the product to PET modified
by -SOs;Na results in highly exfoliated nanocomposites by a simple extrusion process. In the molding
process, it is a common practice to stretch the polyester 2.5 times or more to fully orientate the
molecular chains in order to reduce the gas permeability and improve the impact resistance®*°. Another
common practice to improve the barrier performance is to coat it with a low-permeability barrier
layer'!. The barrier material can be poly vinyl alcohol®*' EVA, copolymer of ethylene and vinyl
alcohol14, PVC, poly vinyl chloride™ PVDC, poly vinylidene chloride™*® polyamine-polyepoxides”’, etc.

Similar to coating, multi-layered structures were also created based on PET, with copolyester used to
affect the adherence between PET and the barrier material’®*°. The multi-layered structures are usually
made by extrusion, blow molding, or injection molding wherein each layer is allowed to cool before the
next layer is injected. During the molding operation, PET gas permeability can be reduced significantly by
effective stretching®. It was found that during orientation, the PET chain becomes aligned, and aromatic
rings and crystal planes are thought to become parallel with the film surface. Stretching in the 2nd
direction redistributes the structure, and forms a new balanced structure with the PET aromatic rings
and crystal planes almost parallel to the film plane, which further improves the barrier performance.

Polyethylene naphthalate (PEN) is a polyester with excellent barrier properties (even better than PET
because of its low chain flexibility)******%. It is prepared from ethylene glycol and one or more
naphthalene dicarboxylic acids by condensation polymerization. Because it provides a very good oxygen
barrier, it is particularly well-suited for bottling beverages that are susceptible to oxidation, such as
beer. Because of its superior mechanical properties, it is also used for manufacturing high performance
fibers that have very high modulus and better dimensional stability than Polyester or Nylon fibers. The
disadvantage of PEN versus PET is in its price.

But, the advantage is clear regarding PEN; the wall thickness will be thinner than PET, which means less
material is used, thereby closing the cost gap. Using drawing and stretching processes will lead to
molecule reorientation, closer chain packing, crystallization, and thereby reduced molecular mobility.
Substantial improvement in gas barrier properties are gained because the non-permeable crystalline
regions are perfected and the ordering effects are imparted to the amorphous regions. The problem in
drawing/stretching PEN is necking®®, and high draw areas have to be employed to produce films of
uniform thickness. This is because of the highly localized and rapid alignment of naphthalene planes
parallel to the film surface above its transition glass temperature?’. Blending PEN with PEI helps to
reduce the necking effect. Necking disappears at 10% PEl in PEN/PEI blends. X-Ray studies show that PEI
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hinders the rapid alighment of naphthalene planes. PEI chains were also thought to increase the overall
friction between PEN polymer chains because PEIl is completely miscible with PEN.

Nylon is a high-performance polymer material with outstanding mechanical properties and chemical
resistance. Compared to HDPE, nylons constitute an alternative in applications where elevated
temperatures, aggressive media, contaminated soils and reduced gas permeability are present or
required. Among nylons, Nylon 12 and Nylon 6 have been studied the most due to their use in packaging
applications. Nylon 12 piping possesses significantly higher resistance to internal pressure, even at
higher temperature levels, and considerably lower gas permeability then HDPE. Nylon 12 has been used
as piping material for low-pressure supply articles (about 4 bar = 0.4 MPa) in Australia, Poland and Chile
for over 10 years®>.

Many research studies have also been done on Nylon 6, usually blended with Nanoclays to improve the
barrier properties®**. Once the exfoliated clay structure is formed inside Nylon 6, it acts as an
effective gas barrier. In the reference study 24, the Nitrogen gas permeability dropped by more than
90% compared to raw Nylon 6, when it was blended with 15% by weight of Ultrafine Full-Vulcanized
Powdered Rubber/Clay Montmorillonite. The main concern with nylon materials is the relatively low
impact strength, especially at low temperatures, compared to HDPE®’. Therefore, when used as package
materials, quite often nylon is blended with some lower-permeability and more-flexible materials to
improve the clarity, flexibility and toughness. Some blends of Nylon/PET were developed which have
even lower permeability”.

Furthermore, much work is still required to develop multi-layered structures®?***3%33343>3¢ hacause
generally it is difficult to find a single component material which is capable of providing the correct
balance of all the properties that are required for various types of packaging applications®’. For example,
polyolefins like HDPE have excellent toughness but suffer from poor gas barrier properties. High nitrile
polymers or EVOH have outstanding gas barrier properties but have only modest moisture resistance.
Quite commonly the multi-layer structure includes thermoplastic material such as HDPE, PET, etc. on the
outside and a gas barrier such as EVOH, PVDC, Poly Acrylonitrile (PAN)*, etc. in the middle, protected
from environmental damage like moisture and mechanical damage. Because most polymers are not
quite miscible, a tie layer has to be used to bond the thermoplastic layer and barrier layer together.
Usually the molded articles take the form of preforms and the containers are blow molded therefrom
and the barrier layer is subsequently applied®?®. The articles can also be made by compression molding,
co-extrusion, or lamination®’. The disadvantages of the multi-layered structures are their relatively
higher cost, more complicated manufacturing process, and possible delamination under pressure cycle
environment in Type IV tanks.

One interesting topic that came up during the literature review regarding multi-layer structures is
packaging materials that comprise of a polymeric base component and a thin barrier component which
coats and lines a surface of the base component®®3%4041.424344454647.484930 ‘The hase surface is usually
subjected to a reactive gas environment containing F2, CI2, 02, 03, SO3, oxidative acids, or mixtures,
etc. at a temperature and gas partial pressure to increase the base material surface energy above 40
dynes/cm, to offer adhesion of the barrier coating, and then the barrier coating is applied*’. Such a
technique is reported to have reduced the permeability of the base material significantly*® while
maintaining excellent toughness*. The coating can also be a polymer with very low permeability,
directly polymerized on the base thermoplastic material surface®” or it can be fluorinated®".
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Additional coatings are melamine-formaldehyde or urea-formaldehyde condensation products®, epoxy
resins®>>*, copolymers of vinylidene dichloride®, etc. Usually, the coating is applied after the article is
made, but information in several patents [items 48 to 50 in the endnotes] described a process in which
the barrier material is coated to the plastic surface when the PET is still a preform, and then the part is
blow-molded into the final article. Because this technology can be used to improve the barrier
performance of HDPE, we would consider pursuing this in our current rotational molded HDPE liners.
The difficulty may be that HDPE generally has poor adhesion with other materials, and the coating may
lower its impact strength.

The last category of barrier materials that was studied is fluorinated HDPE. Compared to the base HDPE,
fluorinated HDPE has much better chemical resistance, flame resistance, thermal stability, and gas
barrier performance. However, it is more expensive on a per pound basis and weighs much more than
HDPE. For example, HDPE has a density about 0.9 g/cc, and Tefzel [ethylene-tetrafluoroethylene
copolymer], a Dupont material, has a density of 1.71 g/cc. Therefore, if fluorinated HDPE is used to
replace HDPE, it doesn’t necessarily mean we can reduce the liner cost and weight. Nevertheless,
because the cost driver is the composite, any reduction in the liner thickness will affect the composite
usage, which will directly affect system cost and weight™°.

The team considered PET, PEN, nylon, multi-layer structures, fluorinated HDPE, and HDPE coatings from
a material permeability [gas barrier performance] perspective in our liner development work. Due to the
importance of liner application requirements, such as toughness, cycle fatigue life, torsional strength,
etc.,, we concurrently evaluated these different properties in our development work. A number of
polyester and polyamide resins were evaluated and tested for their mechanical, thermal, and
permeation properties in order to achieve the desired permeation rate of the system.

Three basic molding processes can be used to make the liner structures: blow molding, injection
molding, and rotational molding. Currently Quantum rotationally molds the HDPE cylindrical liners in-
house. Rotational molding naturally becomes the first choice for Quantum to evaluate any potential
liner materials. Compared to other molding technologies, rotational molding is more ideal for
manufacturing hollow shapes in a variety of sizes, which results in better part wall thickness distribution.
However, rotational molding requires that the materials used have good flow-ability, i.e., very low
viscosity at zero-shear-rate, therefore a lot of materials with very good barrier properties cannot be
used due to relatively high viscosity, like PET or PEN. For this reason, we worked with injection molding
and blow molding vendors to perform liner development. Rotational molding has other deficiencies,
including that the raw material has to be grinded into a fine powder to help the material flow freely,
which causes additional cost. Moreover, the cycle time is comparably long and therefore is not a good
choice for high-volume production. Currently, the cycle time to make a HDPE liner is in the magnitude of
an hour, whereas in blow molding 1000 cylindrical shaped bottles can be manufactured per minute.

To address one of the most important objectives of this project, the reduction of the system cost, we
experimented with blow molding to significantly reduce the cycle time from the current hour to a few
seconds. Furthermore, we would be able to improve on some characteristics of rotational molding. In
rotational molding, the polymer material has a low shear rate which does not allow the macromolecules
to be fully oriented to reach the desired performance characteristics, such as permeability.

If the liner material can be fully oriented during the molding operation, as it can be in blow molding

(especially stretched blow molding) and injection molding processes, and if the barrier performance is
improved significantly, then we not only reduce the material cost by being able to use a thinner liner
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and less composite materials, but also reduce the system weight, which was another important goal for
this DOE project. For these reasons we considered blow molding, especially stretched blow molding and
injection molding.

3.2.2. Prototype Liner Development
In summary, the following are desired properties for liner materials:

1. Low hydrogen gas permeability

2. High toughness

3. Good thermal stability

4. Fatigue resistance to tensile and bending stress

5. Moderate tensile strength during winding [0.1~0.3 MPa]

6. Chemical corrosion resistance to: 19% Sulphuric acid solution, 25% Sodium Hydroxide solution, 5/95
Methanol/Gasoline, 28% Ammonium Nitrate solution, and Windshield washer fluid

7. Low cost, density and CTE (coefficient of thermal expansion); easy process-ability

Using these requirements as a guideline, we proceeded to evaluate the suitability of the following
materials for hydrogen storage vessels: HDPE, PET, PEN, Nylon, Multi-layered polymer structure. We
also tested fluorinated HDPE to find any potential barrier properties advantages. We contacted material
vendors to explain our application and to gain a better understanding of processing/manufacturing
issues as well as learn from their experiences with these materials. Simultaneously, we made contact
with vendors with blow molding development expertise to aid us in developing small scale bottles using
both stretched blow molding and extrusion blow molding to meet the DOE cost ad weight targets.

To evaluate the suitability of blow-molding, Quantum leveraged the expertise of vendors to model, blow
mold and test samples. One item we relied on these experts for was to understand the existence of any
constraints for the preferred liner profile. In pressure vessels made of fiber reinforced composites, the
orientation of the reinforcing fiber is determined through stress analysis. And in continuous filament
winding, it requires a special liner surface profile such as the principle radius of curvature in both
meridian and parallel directions, and coefficient of friction to lay the fiber in any preferred orientation.

3.2.2.1. PET liner development: Injection stretch blow molding (ISBM)

One of the most promising materials for our application is PET. We chose to work with vendor A due to
their extensive experience in stretch blow molding development of PET. As a reminder, ISBM requires
that a preform is made through injection molding, and then the preform is stretch blow molded into the
final shape. As part of the scope of the program, we decided to only do small scale manufacturing
development due to the high cost of tooling for our current sized liners using injection molding or blow
molding. The test samples are based on a 1-liter liner in order to prove the concept. Three separate
phases were agreed on; modeling, manufacturing and testing.

The development work commenced with modeling work to ensure feasibility based on wall thickness.
The performance model was designed to predict the hydrogen gas permeation based on the material
permeability to hydrogen gas, material thickness, stretch ratio, and container geometry (from 3D CAD
structure model), as well as to container closure, coatings, filling condition and storage conditions.
These inputs aided in predicting best scenario cases for the following phase in this project. Several
modeling iterations produced the ‘ideal’ 1-liter liner model that meets the allowed hydrogen gas
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permeation rate in EIHP. The model produced the material (PET) formulation, the required stretch ratio,
and material usage (thickness). The latter item is the most critical to the overall project since the aim is
to reduce material usage and consequently lower cost and weight. A dimensioned illustration of this
liner is shown in Figure 1 below.
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Figure 8 - Initial Design of 1-liter PET liner; dimensions in mm

The second phase of vendor A’s work is the injection-blow molding development work. The preform was
manufactured according to the CAD model determined in the first phase and the required stretch ratio.
Feasibility of manufacturing such a container proved successful and several parts were made to test in
Phase 3.

During this last phase, the 1-liter container’s performance was evaluated. The tests included pressure
cycle fatigue life, drop-impact damage tolerance and hydrogen gas permeation level. Since the
technology of our application is outside the current PET knowledge, the liner performance did not meet
goals on the first iteration. Therefore, a few iterations in design and molding process development were
implemented.

3.2.2.2. PEN liner development: Injection stretch blow molding (ISBM)

Another promising material/process combination is PEN blow molding development. Since PEN has
inherently lower gas permeability than PET and HDPE, it requires less thickness for the same hydrogen
gas permeation level compared to the aforementioned materials. The aim again here was to use less
material, which in turn allows us to use less composite as explained earlier.

We partnered with vendor B because of their extensive expertise in developing blow molded PEN
containers, especially for high pressure applications. In this project we decided to use existing containers
that met some pre-determined parameters to do performance testing. These 4-liter high pressure
vessels were adapted at Quantum to better reflect the geometry of our liners. The bottle is shown in
Figure 9. There is a possibility that filament winding development may occur on this 4-liter container
without valve.
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Figure 9 - Geometry of the 4-liter PEN bottle

In order to test the performance of the 4-liter liner, a high pressure cylinder made of steel was
purchased, with inner dimension approximately 620 mm length and 140 mm diameter. The 4-liter liner
is situated in the center of the pressure cylinder with epoxy resin filling the rest of the cylinder. A high
pressure fitting, shown in Figure 10 below, was designed according to the opening size of the liner, so
that it can be filled with high pressure hydraulic oil. The fitting has a groove for an o-ring which seals the
fitting and the inner surface of the liner.

The aim of this set-up was to pressure cycle the 4-liter liner to test its fatigue resistance, while the steel
pressure cylinder withstands the stresses due to high pressures. In addition, an enclosure shown in
Figure 10 below was designed, so that the 4-liter liner can be fully enclosed without the fear of any
leakage. This was done to be able to drop-test the container assembly from a certain height at low
temperature to evaluate its damage tolerance.

——

Figure 10 - High-pressure fitting geometry

Carbon fiber composite was wrapped around the threaded neck region of the 4-liter liner, in order to
increase its stiffness, or resistance to radial expansion, which happens under pressure cycling and may
result in a loss of seal. Images describing the set-up are shown in Figure 11 below.
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Concurrently, a hydrogen gas permeability measurement test was made on flat sheets of PEN with
different thickness but similar stretch condition as that in the 4-liter bottle.

(a). PEN Bo

R ———

ttle filled with Hydraulic fluid

Plug with high pressure line

Composite Wrappage for hydraulic fluid

(b). Close-up view of the liner neck (c). PEN liner centered in the test cylinder
Figure 11 - PEN liner pressure cycle test experimental set-up

3.2.2.3. HDPE Development: Extrusion blow molding (EBM)

A great advantage of EBM over ISBM is that it can be used to make liners much larger and at a much
lower tooling cost than ISBM. EBM currently is able to produce liners comparable in size to what
Quantum makes from rotational molding, typically 30 liter to 900 liter. This technique is quite common.
Naturally, this manufacturing technique is desirable for large-scale production since not only does one
benefit from the aforementioned material development cost savings, but also from the dramatic cost
savings from an increase in production as well as from a reduction in processing labor. Tooling costs
would be negligible at the DOE assumed volume of 500K parts per annum.

A set of 18-liter EBM molded HDPE bottles were acquired for developmental testing. Tensile test and
Izod impact test coupons were sampled in an axial direction from different bottle locations.

The dimension of the tensile test specimen was determined according to ASTM D 638, and the test

speed was 50 mm/min (ASTM specification), and 500 mm/min which is closer to the liner strain rate in
the vessel pressure cycle test. The Izod impact test specimen dimension was determined according to
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ASTM D256. The resultant data was compared with data gathered from HDPE liners produced using our
conventional rotational molding. Table 2 summarizes the two sets of data.

Table 2 - Tensile and Izod test comparison between EBM and rotational molded specimens

50 mm/min Speed Tensile test 500 mm/min Speed tensile test Impact test
Modulus, MPa | Strain at Yield, % | Modulus, MPa | Strain at Yield, % J/m
EBM 1124.37+25.17 8.46%0.32 1262.31+35.54 6.7910.27 115.11+2.35
Rotational 8507950 10.25~11.65 945~1020 9.25~9.95 Non-break, >
molding 600

The results demonstrate that EBM produces more brittle liners than rotational molding. The reason for
this is because EBM has a stretching effect on the HDPE macromolecules while such orientation in
rotational molding is almost non-existent. The orientation increased the modulus, made the liner more
brittle and more than likely will decrease permeability. Since toughness is one of the most important
liner properties, we determined not to pursue this manufacturing/material combination any further.

3.2.2.4. Multi-layered structure development: Extrusion blow molding (EBM)

Multi-layered structures are commonly used in applications where excellent barrier properties are
required such as in gasoline tanks. These structures commonly use thermoplastic materials such as
HDPE, PET, etc. on the outside and a gas barrier such as EVOH, PVDC, Poly Acrylonitrile (PAN), etc. in the
center, protected from environmental damage like moisture and mechanical damage. Because most
polymers are not quite miscible, a tie layer has to be used to bond the thermoplastic layer and barrier
layer together. The disadvantages of the multi-layered structures are relatively higher cost, a more
complicated manufacturing process, and possible delamination under pressure cycle environments (very
common with Type IV tanks, especially under temperature cycling).

The regrind layer in the multilayer process is reprocessed material that is run through a separate
extruder and does not serve to protect anything, but exists simply to reduce processing scrap. These
multilayer structures are blow molded, with each layer extruded separately and introduced into the
machine head at different stages to create the layered structure. The layers are then extruded through
a die to form a hollow tube that is blown into the cavity to form the final shape.

We acquired several 6-layer flat panels cut from different gasoline tanks to ensure statistical
independence from each other. Figure 12 illustrates a multi-layer structure comprised of HDPE, Regrind,
Adhesive, EVOH gas barrier, Adhesive, and HDPE.

As seen from Figure 12, most of the material in the construction is HDPE, which has an average
coefficient of thermal expansion (CTE) of 0.00012 cm/cm/eC, which is different from that of the
Adhesive layer and EVOH layer. Due to the mismatch of CTE, thermal cycling caused by pressure cycling
may be a problem. Interlaminar stress induced by pressure cycling may also cause delamination. Due to
these predictable problems, tensile test coupons were made according to ASTM D638 from the
aforementioned flat panels. Tensile testing at 50 mm/min and 500 mm/min speeds was evaluated.
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Figure 12 - Multi-layer structure cross section

3.2.2.5. Polyoxymethylene (POM) development: Extrusion blow molding (EBM)

POM is an engineering plastic with the chemical formula -(-O-CH2-)n-. POM is a lightweight, low-friction,
and wear-resistant thermoplastic with good physical and processing properties and capable of operating
in temperatures in excess of 90 9C. It is also known as polyacetal, acetal resin, polytrioxane, and
polyformaldehyde.

POM is distinguished by a high degree of rigidity and mechanical strength, outstanding resilience,
optimal dimensional stability as well as an excellent resistance against a variety of chemicals.
Additionally, BASF just recently discovered that POM has excellent barrier properties. Because of these
exceptionally positive characteristics, Quantum verified the material’s suitability for liner development
prior to any additional investment in EBM POM.

3.2.3. Prototype Liner Testing

As shown above, (sections 3.2.2.1 and 3.2.2.2) stretched blow molding (SBM) of PEN and PET liners was
presented. Additionally, we also molded several nylon liners, using the same mold as the former parts,
with internal volume around 1 liter and nominal dimensions as shown in Figure 8. Some trials were
carried out to determine the right processing conditions, since we were interested in improving both
visual clarity and better drop performance.

Ten containers of each material were manufactured and inspected, and very small deviations were
found in the outside dimensions. The same containers were also tested for material distribution
thickness in 15 degree increments around the container at three (3) different heights, .75, 2.75, and 5.75
inches. A Gawis thickness measuring gauge from AGR was used for this measurement. The
circumferential thickness profiles for each material are graphed below by container height in Figure 13.
PET and nylon liners exhibited better thickness distribution than PEN liners. For example, the PEN liners
have a circumferential thickness that varies from .037” to .084” around the 2.75 inch height, a variance
of .047”. The nylon and PET materials produced a much more desirable distribution, only varying by a
maximum of .022” and .019” around the girth, respectively. The thickness distribution depends on
material formulation and stretch ratio. The uneven thickness distribution of PEN liners was attributed to
insufficient stretch ratio during the molding process.
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Figure 13 - Liner material thickness distribution
As shown in Figure 13, the liner has a thickness between 1.0-1.5 mm, much thinner than our current

HDPE liner (~ 5.0 mm), and the barrier performance is still 5 times better than the HDPE liner, based on
a permeation model. This barrier performance is one of the key characteristics in choosing liner
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materials. The other two important characteristics are cycle fatigue resistance and drop impact
resistance.

A drop test was performed on 21 water filled 1L liners of each material and the pass/fail results at each
height were recorded using the Bruceton Staircase method. The containers were filled with water and
capped with a custom closure designed and manufactured for the finish. The test was conducted such
that each time a container passed a drop, the next container would be tested at a height six (6) inches
higher; conversely, whenever a container failed the drop, the next container was tested at a height six
(6) inches lower. All containers were dropped vertically, with the base impacting the ground first. The
results are shown in Table 3.

Table 3 - PET, PEN and Nylon liner drop impact test results

PEN Impact or drop distance (in) Nylon Impact or drop distance (in)

Sample #

1 F 1 P

2 P 2 P

3 F 3 F

4 P 4 F

5 F 5 P

6 F 6 F

7 P 7 P

8 P 8 F

9 P 9 P

10 P 10 P

11 Mean Failure Height F 11 Mean Failure Height F

12 2 ft P 12 2 ft P

13 Standard Deviation F 13 Standard Deviation F

14 10.4in P 14 2.6in P

15 F 15 F

16 F 16 P

17 F 17 F

18 P 18 P

19 F 19 F

20 P 20 F

21 F 21 P

PET Impact or drop distance (in)

Sample #

1 P

2 P

3 P

4 P

5 P

6 P

7 P

8 P

9 P

10 P

11 Mean Failure Height| F

12 7.5t P

13 Stanndard Deviation F

14 14.3in P

15 p

16 P

17 P

18 F

19 F

20 P

21 F

PET liners seemed to exhibit much better toughness or drop impact resistance than PEN and Nylon
liners. Compared to PET, PEN has much higher content of benzene rings, which makes it more brittle.
The higher number of polar molecules in nylon makes it more brittle than PET. Additional reasons for
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the results can be attributed to the decreased crystallization in the nylon, which was achieved in the
molding process. The failure region for each material was similar.

The PEN liners failed along the thick side, cracking along the edge of the base and propagating along the
thick sidewall, as shown in Figure 14. Figure 15 is a collection of failed nylon samples. The typical failure
mechanism for this material was very similar to that of the PEN material, a crack several inches long
forming along the heel of the container at the radius of the base and then running up the wall of the
container. A difference between nylon and PEN is nylon fragmented, whereas PEN merely fractured. A
collection of failed PET liners is shown in Figure 16. The typical failure mechanism for this material was a
complete fragmentation of the base and gate of the liners. This was perhaps due to the higher velocity
of the impact as these containers failed at heights exceeding 7.5 feet. Typical carbonated soft drink
containers are required to pass only a 6 feet drop.

Figure 14 - Failed drop test PEN liners
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Figure 15 - Failed drop test nylon liners

Figure 16 - Failed drop test PET liners

In summary, by using blow molding, we achieved a PET liner with a wall thickness equal to around 20%
of our current HDPE liner with a barrier performance 5 times better than the current HDPE liner. With
some molding process optimization, we achieved low crystallization, excellent clarity and drop impact
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resistance for the PET material. As seen from the results, nylon and PEN liners did not perform as well
as the PET liners. We learned that the thickness distribution is dependent on the stretch ratio and
different materials require different ratios in the SBM process. In addition, there is some trade-off
between good barrier performance and impact resistance. Ten four-liter PEN bottles (shown in Figure 9)
were made by the SBM process and evaluated. During the evaluation of the liners from the first blow
molding iteration, some problems were identified: non-proper liner-metal fitting interface design and
reduced toughness due to the sharp transition region from the neck to the body. The initial cycle test
failed shortly after starting because the fitting leaked at the liner interface. Substantial effort was made
to redesign the fitting so pressure cycle testing could be conducted. We modified the molding condition
as well as the liner-metal fitting interface design, for the second iteration. After completing the redesign,
the liner completed only a low number of cycles before failing. The failure occurred at the neck of the
bottle, where the thickness increased rapidly. Efforts with the vendor were made to eliminate this
transition area and it became less drastic but failures remained around thickness transition region
during pressure cycling. The best results for pressure cycling from 65 psi to 5,000 were about 7,800
cycles.

Drop testing of the 4-liter PEN liner was performed. The liner was filled with water to about 3.7 kg and
dropped vertically from 5.9 feet high at ambient temperature, so that the bottom touched the ground
first. The condition was used to simulate the drop test of the liner inside the composite pressure vessel.
The bottom cracked as well as the top section above the thickness transition line, which is shown in
Figure 17.

Figure 17- Liter liner drop test
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3.2.3.1. Multi-layer Liner Material Evaluation

We have discussed the work on multi-layered material structures. Both static tensile and fatigue tensile
properties were evaluated at room temperature and at -40 2C. All specimens behaved in a very ductile
manner in each of the static tensile tests. Samples yielded at about 8.5% strain and didn’t fail
completely, although delamination happened at about 100% strain. No obvious damage was found on
any specimen during cycle fatigue testing. Therefore, the material toughness and delamination
resistance under mechanical load is deemed acceptable. Some of the multi-layer material panels were
sent out to a third party lab for delamination resistance testing during hydrogen gas pressure cycling.

The testing is necessary because of our concern that under hydrogen gas depressurization, the hydrogen
gas molecules accumulated along the HDPE / PVOH interface could produce back pressure and tear the
material along the interface.

In addition, permeability measurement equipment was designed in-house, and the validity of this
equipment was confirmed by comparing the measured HDPE permeability with the published data in
[2], using Helium. Permeability data of POM relative to Helium was then measured. POM permeability
relative to Helium is about 5 times lower than HDPE, so the liner made of POM can be much thinner
than the HDPE liner. However, it was found that POM is more brittle than HDPE. When we used a piece
cut with a die to make a sample for permeability test, around the edge of the sample micro-cracks were
found on the POM and none on the HDPE. This causes concern about the toughness of POM.

Based on the measured results for the liner candidate materials and the data from references, we
consider PET and PEN as the best liner candidate materials for blow molding process. Other materials
show very good performance according to some requirements; but cause concerns in others. For
example, POM and Nylon seem to have much lower permeability than HDPE, but show brittleness
especially at low temperatures.

3.2.3.2. Evaluation of the Liners made from Blow Molding Process

We discussed the 1-liter liners made by stretched blow molding (SBM) process: PET, PEN and Nylon.
Quantum evaluated these liners and identified some problems with PEN and Nylon: uneven thickness
distribution and reduced toughness compared to our current HDPE liners. With limited funding, we
focused on PET for the liner. We designed a steel test pot to match the liner profile, the PET liner was
placed inside the test pot and pressure cycled according to EIHP standards. The test pot is shown in
Figure 18. Ambient Temperature Pressure Cycling Test was performed from 1.5 MPa to 87.5 MPa at a
rate of 576 cycles per minute until failure. In the test set-up, the pressure was generated using an
organic oil, and failure can be detected instantaneously once oil leakage is found. The leakage was
detected at cycle number = 21,542, satisfying EIHP requirement that the liner shall not fail before
reaching 15,000 cycles. The leakage happened at the transition region between liner neck and main
body, due to the sharp transition in thickness resulting in local stress concentration. With proper
molding the performance in the ambient pressure cycle fatigue experiment is expected to improve.
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(a) Top part (b) Bottom part
Figure 17 - Test pot for 1-liter pressure cycle experiment

Currently polymer liners for high pressure applications are manufactured by rotational molding and
injection molding. Compared to rotational molding, blow molding offers more precise control on liner
thickness, more material choices, shorter production cycle time (a few minutes versus a few hours) and
higher automation. Blow molding also has advantages over injection molding in liner production. In
injection molding it is difficult to make large vessels due to the size of the parison being too difficult to
form. Typically what is done is to limit the size of the parts being made to within standard injection
molding limits and then weld sections together to form larger parts.

3.2.4. Liner Material Conclusion

Summarizing the achievements in liner development, we found right candidate materials to use for liner
blow molding process, and evaluated blow molded liners. With 80% reduction in liner thickness out of
the blow molding process, using PET material, we have demonstrated excellent barrier performance,
toughness and cycle fatigue resistance from evaluation of prototyped liners.

3.3.Track 3 Objectives- Metal Fittings Development

A cost and weight analysis of the metal fittings was performed utilizing classic finite element analysis
modeling methods. The results were used to optimize and evaluate alternative designs that interface
with the updated liner. Time and budget expired before testing of the updated design could be
conducted.

3.3.1. Literature review

The most important factors for metal fitting candidates are yield strength, fatigue life, and hydrogen
embrittlement. There are well published data on the first two properties for most common metals
under normal conditions. The third factor significantly affects the first two under a hydrogen
environment. An additional factor to consider is cost. Per the project scope, Quantum redesigned the
components to improve cost efficiency and weight efficiency of the hydrogen gas storage vessel. Part of
the due diligence was to test the components to ensure that the yield strength, fatigue life and other
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important mechanical properties meet current requirements. One important test that was not captured
as part of the scope is to test in a hydrogen environment.

Hydrogen embrittlement, also called hydrogen grooving, is the process by which metals, most
importantly high-strength steel, become brittle and crack following exposure to hydrogen. The
mechanism starts with lone and very-small-sized hydrogen atoms diffusing through the metal. The
solubility is a function of temperature in that it increases with the latter, and the diffusion rate also
depends on the hydrogen concentration and pressure differential. These hydrogen atoms re-combine in
minuscule voids of the metal matrix to form hydrogen molecules, and create pressure inside the cavity.
This tears the metal, reduces the strength and toughness and finally cracks the material.

The mechanism of hydrogen embrittlement is quite complex and there are numerous publications
studying this phenomena. We briefly summarize the conclusions from some very comprehensive
studies. The effect of hydrogen embrittlement was found to be greatest with shortest hold time in
hydrogen environments®’. Studies have found that embrittlement degrades the mechanical properties
of susceptible metals much more at 1 hour exposure time than at longer times. Therefore,
embrittlement happens very fast, but the relationship between the degree of embrittlement and
exposure time is not fully understood. The degree of embrittlement was also found to be independent
of stress level applied on the specimens during hydrogen exposure. However, the dependence on
hydrogen gas pressure level is unclear, since embrittlement degraded the notched strength more at
higher pressures but didn’t degrade the un-notched strength. It seems that surface imperfections are
very sensitive to hydrogen embrittlement. The critical stress intensity factor K,c decreases significantly as
the pressure increases™ *° ® ®*. Under hydrogen environment, hydrogen gas temperature affects the
material toughness significantly, in that the loss of ductility due to thermal precharging of hydrogen is
significantly larger than that due to ambient temperature precharging of hydrogen®.

Under the same hydrogen immersion condition, hydrogen embrittlement degrades different metal
materials in quite different ways®’. High strength steel and nickel based alloys are extremely sensitive to
embrittlement, in that the ductility reduction was as much as 84~92%, as soon as these materials
contacted hydrogen. Ductile and lower-strength steels, pure nickel, and titanium based alloy were
severely embrittled. They had a considerable reduction of notch strength and ductility (15~45%) but no
reduction of un-notched strength. Stainless steel (SS) AISI type 304L, 305, beryllium copper and
commercially pure titanium were slightly embrittled. These materials had a small decrease of notch
strength and a negligible decrease of unnotched ductility. The last category of materials, which
experienced negligible reduction of both notched and unnotched strength and ductility under hydrogen
environment, included SS AISI 310, SS AISI 316, SS AISI 316L, SS A-286, Aluminum (Al) 7075 T-73, Al 6061
T-6, Al 1100-0 and OFHC Copper. These are the ones we decided to focus on. The results were
confirmed by other studies® *, which found that high-strength and low-alloy steels, nickel and titanium
alloys are most susceptible to hydrogen embrittlement and aluminum and beryllium copper alloys are
some of the least susceptible to hydrogen embrittlement along with a few other metals.

For the same material, processing conditions affect hydrogen embrittlement significantly since it affects
the surface quality. Coatings can also provide a protective barrier to hydrogen. For example, the native
oxide on Aluminum surfaces acts as a kinetic permeation barrier to hydrogen since the kinetics of
hydrogen atom formation is limited on the oxide surface ® ° ®” %, Different processing conditions also
change the distribution of different phases in the material, dislocation density and stacking faulting
energy. SS 316 shows larger hydrogen susceptibility when sensitized (973 K for 24 Hour) compared to
solution-annealed microstructures®. Derivatives of some of the hydrogen resistant materials were
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developed for special hydrogen environment applications. The Chinese HY-1 alloy steel is reported to be
resistant to hydrogen embrittlement, and has a similar composition to nickel-rich SS 3167°. SS JBK-75,
based on SS AISI 316L, was developed to improve the weldability and resistance to hydrogen
embrittlement”. SS NASA-HR-1, based on JBK-75, has improved strength and resistance to hydrogen
embrittlement, oxidation and corrosion’?.

Other factors besides hydrogen embrittlement have to be considered as well. For example, once copper
is oxidized it is very easy for hydrogen to attack and embrittle the material®®. Copper is much softer than
Aluminum and steel, and easy to deform under stress, which disqualifies it as a candidate for metal
fitting material. Compared to Al 6061 and 7075, Al 1100 has a much lower ultimate strength and yield
strength, which also disqualifies it as a candidate. Cost of the material needs to be a factor.

3.3.2. Metal Fitting Prototype Parts

Metal fittings based on the literature study and detailed FEA and design team analysis for an adapterless
tank design were ordered. These parts included; the 316L stainless steel boss with a 0.9 inch opening
(see Figure 19); a test plug that simulates the ports and surfaces of a valve body; and a modification to
the rotational molding tool to create the geometry in the liner for the interface to the boss.

W

Figure 18 - Stainless Steel Adapterless Liner and Valve Body

The steel boss design included sealing surfaces for interfaces to the polymeric liner and the valve
interface. Testing of the seal design was performed earlier on subscale test pots and proved to be
effective over the temperature and operating range for the hydrogen pressure vessel. However, full
testing of the subscale test pot was not completed due to a small crack that developed in the lid of the
test pot. This crack is believed to have been initiated during the manufacturing of the test pot or flaws in
the raw material and not due to the tests that were performed on the test pot. This conclusion was
based on testing conducted on another test pot with equivalent thicknesses with no crack initiations.
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During initial design of the boss, considerations for transmitting torsional loads from the boss to the
liner during manufacturing were explored. However, due to time and budget constraints, torque
transmission features of boss to liner interface were not incorporated and, for purposes of proof of
concept, adhesives were used to temporarily bond boss to liner during the winding operation. After
winding, bonding between liner and boss is not needed for operation or service because the flats on the
boss transmit loads directly to the composite. This will allow the liner to rotate within the boss and
composite, but is expected not to affect function of sealing surfaces. When the tank has even a small
amount of pressure, it is expected that the liner will not be able to turn due to the coefficient of friction
between the liner and the composite shell.

In addition to the stainless steel parts, 6061-T6 parts were ordered for comparative purposes. These
aluminum parts required significant redesign from the stainless steel parts in order to meet strain and
fatigue requirements. It also required the reduction of the opening from 0.90 inch to 0.65 inch.

Liners for the stainless steel boss were manufactured and adhesives to bond the HDPE liner to the boss
during manufacturing of the tank were being tested. However, the project ended prior to being able to
wind a full scale tank and test the design.

Quantum plans to continue development of this design and we expect it will have a significant cost
reduction for gaseous hydrogen storage tanks. This combined with blow molded liners is expected to
make significant progress towards DOE goals.

3.4.Composite Manufacturing Process Parameter Optimization

A design of experiments was conducted using four parameters at two levels. The four parameters were
selected based on a brain storming session with a cross functional team consisting of design
engineering, manufacturing engineering, quality, and operations. The parameters were then ranked by
how significantly they affected the tank performance and their ability to control production. From this
the highest four factors were chosen. The factors that were chosen are wind speed, tension, resin bath
location (fiber angle in and out of bath), and liner pressure. Twenty four tanks were built based on a
Taguchi half fraction design of experiments (DoE). Three tanks using standard manufacturing
parameters were also built to compare to the results of the DoE. The tank selected for the DoE is a 34
liter tank with five layers of composite. The design burst pressure is ~ 5,000 psi. Response for the design
of experiment is the burst pressure of the tank. Length, diameter, and weight of each tank are also being
recorded and will be analyzed to see if there is an effect on burst pressure.

The 34L tank was chosen in order to more easily show effects of the DoE. By having a lower burst
pressure, variation in the burst is not as likely to be part of standard variation of results seen in high
pressure tanks (70 MPa service pressure). This also allowed for reduced usage of materials and labor to
conduct the DoE. The results of the design of experiments showed that no item that we tested was
statistically significant (see Table 4 and Figure 20).
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Table 4 - Result of Manufacturing Design of Experiments

Factorial Fit: Burst Pressure versus Tension, Wind Speed, ...
Estimated Effects and Cosfficients for Burst Pressure (coded units)
Term Effect CZoef S2E Coef T P
Constant s0e9.00 43.33 1le.%3 0.000
Tension J0.33 35.17 43,33 0.81 0.429
Wind Spe=sd 102.67 51.33 43.33 1.18 0.253
Liner Pressure -114.33 -57.17 43,33 -1.32 0.206
Bath Location -158.¢67 -79.33 43_.33 -1.83 0.086
Tenszion*Wind Speesd -153.0I -76.50 43.33 -1.77 0.0%7
Tension*Liner Pressure -43.0(0 -21.50 43.33 -0.50 ©0.627
Tension*Bath Location 96.67 45,33 43,33 1.12 0.281
Normal Plot of the Standardized Effects
(response is Burst Pressure, Alpha = 0.05)
99
Effect Type
® Not Significant
95+ B Significant
a0+ Factor Name
A Tension
20 B Wind Speed
C Liner Pressure
E 707 D Bath Location
o 60 -
O 50
3 40
o
304
20
10
5_
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-3 -2 -1 0 1 2 3
Standardized Effect

Figure 19. Results of Design of Experiments

However, the factors that showed the greatest affect on burst performance were resin bath location
followed by the combination of tension and wind speed. Even though “Bath Location” and a
combination of “Tension and Wind Speed” are more significant than other factors, the lack of
repeatability in burst pressure is one of the main reasons for not having a significant factor (standard

deviation for the repeat runs is as high as 303 psi).

Figure 21 shows to have the maximum burst pressure we should have:
a) Tension: high
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b) Wind Speed: high
c) Liner Pressure: constant
d) Bath Location: close to payout

Main Effects Plot for Means
Data Means
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Figure 20 - Average Result from Inputs

Recommendations are to rerun the design of experiments focusing on one or two factors, also looking at
other factors that may have influence on results that were outside of the design of experiments. These
factors may include operator, temperature in manufacturing facility at time of winding, duration
between wind time and final cure, size of spool in creel cabinet, etc.

3.4.1. Alternative Fiber Evaluation

During 2009 a new glass fiber was introduced by Owens Corning. This new R-glass brand named “X-
Strand” has material properties similar to S-glass with improved corrosion resistance and pricing closer
to E-glass. Quantum has been working with Owens Corning to evaluate this new fiber and determine if it
will be cost effective as an alternative material from the carbon fibers we are currently using.

Initial evaluation was done using 4 tows of glass each with 7 ends collimated onto each spool giving a
Tex of 2520. This fiber was respooled at Owens Corning laboratory and supplied to Quantum. The fiber
was evaluated on a 104L tank that previously was designed using carbon fiber for a 3600 psi application.
The intent is to do a cost comparison of the glass and carbon tanks.

The first tank burst at the aft end with a pressure of 9,310 psi. To properly evaluate the performance of
the tank it had been designed to burst mid cylinder where stresses are more uniform. Since the tank did
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not burst in the middle the wind layup was redone in order to make a more conservative design with
stresses in the middle approximately two times higher than those seen in the domes.

A second tank was wound with this new design. During the winding of the second tank, it was observed
that loose stands of fiber were seen between the creel cabinet and the resin bath. These loose fibers
when wound onto the tank will provide no structural strength and may in fact act as voids in the
composite structure significantly reducing tank performance. It is believed the loose fibers were caused
by the joining of several ends onto a single spool during the rewinding. At this time Owens Corning was
not set up for production of this product and there might be mismatches of tension on each of the ends
as it was wound onto the spool.

This tank also burst at the aft end at 10,994 psi. Quantum discussed the observations and results with
Owens Corning and it was decided to try the new fiber from their production line that had recently been
started. This changed the fiber to a 9 micron fiber with only two ends combined on each spool with a
Tex of 675. In order to be able to use the programs that were developed for the higher Tex fibers,
Quantum increased the number of tows being wound from 4 to 14.

Burst result for the new tank showed a failure in the forward end of the tank at 12,200 psi. Based on
fiber usage and cost differential between carbon and Owens Corning X-Strand glass, it is estimated that
the cost savings can be -116%.

The cost saving is based on using a safety factor of 2.25 for the carbon tank and a factor of safety of 3.5
for the glass. The difference in the design factor of safety is due to the strength reduction seen in normal
E and S glasses. With Owens Corning new X-strand glass it is believed that stress corrosion cracking
which is the primary degradation of glass will be significantly reduced. Owens Corning and Quantum
Technologies are continuing the investigation of fiber life degradation for the X-Strand fibers. If it can be
proved that the strength loss over the life of the fibers is no worse than carbon fiber, then the same
design criteria of 2.25 factor of safety could be used. This would give a cost savings of -39% from a
similar carbon fiber tank. From these results the new glass fiber does not appear to be a good
alternative to Quantum’s current carbon fiber.

4. Conclusions

Over the course of the program Quantum has evaluated many areas to meet DOE Freedom Car goals. In
some of these areas we have met and exceeded the goal such as gravimetric efficiency with a 129L
10,000 psi fuel storage system having a gravimetric efficiency of 2.13 kW-hr/kg. Quantum has not met
the cost efficiency and volumetric efficiency goals, but during this study significant progress has been
made towards them.

Cost efficiency is still the major barrier for full commercialization of high pressure compressed hydrogen
as a viable alternative energy for automotive use. In table 5, Quantum’s status is calculated based on a
system, which includes a single 129 Liter type IV H, tank (approximately 5kg hydrogen capacity at 10,000
psi service pressure) with a solenoid valve (AOTV), a set of high pressure and low pressure regulators, a
mid stage valve (MSV), a receptacle with filter, all tubing and fittings for this system, a frame, a wire
harness, a pressure sensor and a balance of parts (consisting mainly of fasteners etc). The end-user cost
efficiency is calculated based on an assumption of 500,000 units/year, and the assumption that 1kg
hydrogen is able to generate 33.3 kWh energy. Per the DOE request, we performed a cost analysis for
10,000 and 100,000 and 500,000 units/year. The cost efficiency is approximately $54.1/kWh and
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$48.1/kWh for the first two cases respectively, with the last case shown below in Table 5. In table 5,
DOE 2010 target is from the Hydrogen, Fuel Cells and Infrastructure Technologies Multi-Year Research,
Development and Demonstration Plan (MYPP). This plan can be accessed at
http://www.eere.energy.gov/hydrogenandfuelcells/mypp/

Table 5 - Progress towards Meeting Technical Targets for 500,000 unit per year On-Board Hydrogen Storage for
Light-Duty Vehicles

Storage parameters Units DOE 2010 Quantum Status
Target

System Gravimetric Capacity KWH/Kg 1.5 2.13

System Volumetric Capacity KWH/L 0.9 0.83

System Cost S/KWH 4 45.9

Through co-operation with the Department of Energy and Automotive OEM’s, Quantum Technologies
has made significant progress towards viable automotive systems. Quantum continues working with its
partners to develop this technology and progress towards the DOE 2015 goals.

5. Publications

1 H2 Tank Manufacturing Optimization, Annual Merit Review, Department of Energy, June 9~13,
2008, Arlington, VA

2 Low-Cost High-Efficiency High-Pressure H2 Storage, Annual Merit Review, Department of Energy,
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