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Plastics Test Summary

The Advanced Manufacturing Laboratory (AML) at Texas Tech University was approached by
Image Microsystems, Inc. to test recycled e-Waste plastic sign substrate material. Two formula
types of the recycled e-waste plastic were tested. Tests requested were to determine the materiald s
mechanical and physical properties of the samples such as the flexural, tensile, 1zod impact,
adhesion, UV exposure, and so on.

All tests were carried out under laboratory conditions at the Department of Industrial
Engineering and Mechanical Engineering under my supervision.
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Lubbock, TX 79409-3061

Phone: (806) 742-4853

Fax:  (806) 742-3411
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Abstract

This report documents a study of the feasibility of using sign blanks constructed of recycled plastic
material instead of conventional high-grade plywood and aluminum as sign substrate material. Additionally,
environmental impact analysis based on carbon footprint calculation was conducted on the recycled material to
validate that the recycled material is more environmentally friendly than conventional aluminum used as sign
blanks.

Two types of recycled sign blank materials (DRM and CRM) made by Image Microsystems in Austin,
Texas were tested according to the requirements of the Texas Department of Transportation (TxDOT) and
ASTM. A series of tests (flexural test, tensile test, 1zod impact test, adhesion test, creep test, UV exposure test,
etc.) were conducted on the material to ascertain its feasibility for use in national, state, and local municipal
regulatory and way-finding signage as a sign substrate. The test results are compared with plywood, aluminum,
and other recycled materials previouslyt e st ed by Texas A &MlassituteTpabbslaed in
Report FHWA/TX-97/1338-1F funded by TXxDOT and the US Department of Transportation Federal Highway
Administration.

Based on the analysis and comparison of the test results, physical characteristics of the recycled material
are presented as follows.

(1) The dirty recycled plastic (DRM) and the clean recycled material (CRM) have very similar properties
in terms of flexural modulus, elasticity modulus, impact resistance and creep properties. However, DRM has
better adhesion properties than CRM for six of the seven types of reflective sheeting.

(2) Compared to plywood, aluminum and other recycled materials, DRM exhibited improved damping
characteristics over plywood and almost the same creep property as plywood and aluminum.

(3) DRM has better properties to withstand the effect of temperature and time fluctuation and wind-load
simulation than the aluminum substrate material. After 45 days of UV exposure, the physical properties of
DRM and CRM changed little, which is better than Plywood.

In addition, the recycled e-waste plastic material and aluminum sign substrate were compared in the
context of carbon footprint in order to analyze the environmental impact. Based on the results of the carbon
footprint analysis, we find that the aluminum sign substrate uses more resources and emits a larger quantity of
greenhouse gases, 3.7 times greater than the recycled plastic. Conversely, recycled plastic sign substrate offers
a more effective alternative, because it uses fewer resources, as well as has a lower environmental impact.
Thus, the general conclusion is that recycled e-waste plastic substrate is a more attractive material in
environmental terms than aluminum, which has a larger carbon emission.

In conclusion, in order to reduce the environmentally adverse impact while maintaining the required
physical properties of traffic sign substrate, DRM is an appropriate substitute material as a replacement for

plywood and aluminum for use as sign substrate.
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Image Microsystems Sign Substrate Testing

Introduction

Image Microsystems in Austin, Texas produces sign substrate material made from recycled e-waste
plastic harvested from spent inkjet printer cartridges and plastic housings from recycled IT and consumer
electronics products. The company requested that a series of tests be conducted on the material to ascertain its
feasibility for use in national, state, and local municipal regulatory and way-finding signage as a sign substrate.
Two types of recycled sign blank materia | s wer e t ested: 1) 75% Adirtyo pl e
25% Acleand plastic (pl a-sfdife comptieos ol iprintgry; 2)IRa v édsli e d y & r
plastic (spent printer cartridges), and 75 % ficl ean 0 pl a st iareested fpm amsl-ofilife housi
computers and printers). All of the tests are listed in Table 1. The test results were also compared with plywood,
aluminum, and other recycled materialst est ed by Texas A&M6s Texas Transp
Report FHWA/TX-97/1338-1F" funded by the Texas Department of Transportation (TXDOT) and the US
Department of Transportation Federal Highway Administration.

Tablel.Tests Conducted on |IReglgde-Wadte Rlastio sy st e ms 6

No Test Item

ASTM D790-07el with LVDT--Standard Test Methods for Flexural Properties of Unreinforced and
Reinforced Plastics and Electrical Insulating Materials (Three-Point Flexure Test)

2 Tensile (ASTM D 638.mod) with Extensometer

3 Free Vibration Test (samples mounted to sign pole analog--6 samples/test run, 18 total samples).

ASTM D256-06ael Standard Test Methods for Determining the 1zod Pendulum Impact Resistance of
Plastics

ASTM D4541 - 09 Standard Test Method for Pull-Off Strength of Coatings Using Portable Adhesion
5 Testers

Adhesion--Peel off-test based on TXDOT DMS 8300/ASTM D4956 Section 7.5

14 Day Temperature Cycle Sag Test (Similar to ASTM D 3093--3 Point Bend Test). Temperature
cycles between 32°F and 140°F for two weeks.

7 Creep Test

ASTM D4329-05 Standard Practice for Fluorescent UV Exposure of Plastics

Environmental Study--45 day UV exposure, Three-point flexural tests on UV exposed specimens,
Tensile on UV exposed specimens.

! Recycled Content Sign Blanks, Roschke, Harrison IV, Benson, et al, 1996, Report FHWA/TX-97/1338-1F, Texas

Transportation Institute, The Texas A&M University System
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1 Three-point Flexure Test

These three-point flexure test results were compared with aluminum, plywood, and other recycled
materialst e st ed by Terax TaassporfatdoiMIibsttute published in Report FHWA/TX-97/1338-1F
funded by the Texas Department of Transportation (TXDOT) and the US Department of Transportation Federal
Highway Administration.

Flexural modulus is a function of the state of the extreme fiber in a material. In an outdoor environment it
is the extreme outer fibers that are in direct contact with the elements of nature. Therefore, an understanding
of the flexural behavior of a particular candidate material is necessary for both design and performance
evaluations. A three-point bend test was used to determine the flexural modulus of elasticity for the candidate
materials. This value can be compared qualitatively with the flexural modulus of plywood. Additionally, the
modulus of elasticity in conjunction with other information, such as the unit weight, was necessary for design

evaluation with the performance specifications.

1.1Laboratory Procedure

For experimental determination of the flexural modulus, a three-point bend test was chosen. The test is
based on ASTM D790-07e1, "Standard Test Methods for Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials”. In a three-point bend test the moment is constant (see Fig. 1), and
the highest moment occurs at the location of the middle support.

(a) test instrument (b) computer for data record
Fig. 1. Three-point bending test

Each specimen was in the form of a bar that was approximately 12.7 cm long and had a rectangular cross
section. Supports were placed 10.2 cm apart. The default radii of the loading nose and supports are both 5.0
mm.
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1.2 Calculations

Flexural Stress (S ;)3 When a homogeneous elastic material is tested in flexure as a simple beam
supported at two points and loaded at the midpoint, the maximum stress in the outer surface of the test
specimen occurs at the midpoint. This stress may be calculated for any point on the load-deflection curve by
means of the following equation:

s, =3PL/2bd? 1)

where:

S = stress in the outer fibers at midpoint, MPa,

P = load at a given point on the load-deflection curve, N,

L = support span, mm [in.],

b = width of beam tested, mm [in.], and

d = depth of beam tested, mm [in.].

Flexural Strain (.x; )@ Nominal fractional change in the length of an element of the outer surface of the
test specimen at mid-span, where the maximum strain occurs. It may be calculated for any deflection using:

X, =6Dd/L? )

where:

X = strain in the outer surface, mm/mm,

D = maximum deflection of the center of the beam, mm,

L = support span, mm, and

d = depth, mm [in.].
Chord Modulus ( E; )d The chord modulus may be calculated from two discrete points on the load deflection
curve. The selected points are to be chosen at two pre-specified stress or strain points in accordance with
the appropriate material specification or by customer contract. The chosen stress or strain points
used for the determination of the chord modulus shall be reported. Calculate the chord modulus, E;
using the following equation:

E, :(sz_sfl)/(xfz_xfl) 3)

where:

S;,ands are the flexural stresses, calculated from Eq.3 or Eq.4 and measured at the predefined
points on the load deflection curve, and X, ,X; are the flexural strain values, calculated from Eq.5
and measured at the predetermined points on the load deflection curve.

1.3Results
Two types of candidate materials were tested in flexure by the three-point method. Data were acquired by

the computer. For each load-displacement measurement, the stress and the strain can be calculated by the Egs.
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1-2. Based on the strain-stress curve (shown in Fig. 2 and Fig. 3), a modulus was determined using Eq. 3; an

average of these values was taken to be the modulus for that particular test.
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Fig. 2. Stress-Strain Curve of the Dirty Recycled Material
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Fig. 3. Stress-Strain Curve of the Clean Recycled Material
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Results from the three-point bending test for the recycled materials are shown in Table 2 and Table 3.

Dirty recycled material and clean recycled material have very similar flexural modulus. Compared to other

recycled materials t est ed

by Texas

A&MO s Texas

TrRepogportati

FHWA/TX-97/1338-1F (see Table 4), the flexural modulus of the tested materials is somewhat lower than
Plywoodd however it is higher than most of the other plastics tested. The unit weight of each material was

determined simply by measuring the three dimensions of each specimen, weighing the specimen, and dividing

the weight by the total volume (see Table 2 and Table 3).

Table 2. Test Results of the Dirty Recycled Materials

No. material Flexural modulus (E) Unit Weight (KN/m?)
1 Dirty 2387 10.60
2 Dirty 2344 10.63
3 Dirty 2390 10.57
4 Dirty 2401 10.60
5 Dirty 2421 10.52
6 Dirty 2377 10.48
7 Dirty 2371 10.40

Average 2384.4 10.54
Table 3. Test Results of the Clean Recycled Materials

No. material Flexural modulus (E) Unit Weight (KN/m?)
1 Clean 2412 10.54
2 Clean 2282 10.54
3 Clean 2312 10.53
4 Clean 2375 10.53
5 Clean 2390 10.61
6 Clean 2397 10.52
7 Clean 2378 10.53
8 Clean 2376 10.53
9 Clean 2470 10.54
10 Clean 2347 10.53

Average 2373.9 10.54

Performance of the materials may be compared qualitatively to plywood. Consider a simply supported

beam of unit thickness and width that is subjected to a concentrated load at the center (see Fig. 4).
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Fig. 4. Simply Supported Beam of Unit Cross-Sectional Dimensions

If each material is to produce an equivalent deflection under the same load and support conditions, and
the width of each specimen is identical, each beam will, in general, have a different thickness. This thickness is
referred to as the equivalent thickness since it produces an equivalent deflection under the load. Materials that
are more efficient than plywood will have an equivalent thickness less than unity and less efficient materials

will have an equivalent thickness that exceeds unity. The moment of inertia of a rectangular cross-section of

unit-width is:
t3
| = 7 G
and the deflection at the center of the beam is:
_ Pl 3 5)
48El|

where P is the applied static load, and | is the length of the beam. If a beam constructed of recycled
materials is to produce an identical deflection as a wood beam of unit thickness and width, and E,, is the

modulus of wood then Eq. 4 and Eg. 5 may be used to determine the equivalent thickness of the recycled beam.

The equivalent thickness (t,,) is given by:

Qo
m
=
oy,

teg =

C E
where E is the flexural modulus of the material being compared to plywood. Equivalent thicknesses of the
recycled materials tested and the reference materials tested in Report FHWA/TX-97/1338-1F are presented in
Table 4. From the results, the flexural modulus of DRM and CRM is lower than the Plywood, but higher than
the other recycled materials tested except the CTC and VIWB. The higher the flexural modulus, the better the
material is suited for use as a sign blank.
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Table 4. Reference Results from Report FHWA/TX-97/1338-1F>

Material | Average Value for E (MPa) |  Unit Weight (KN/m®) Equivalent Thickness
Plywood 5760 6.07 1

AQ 922 9.23 1.77
CTC 6530 9.23 0.951
RENW 1110 15.08 1.826
CMB 1560 9.37 1.533
GTHW 1370 5.83 1.601
SPAB 1330 9.55 1.617
VIWB 2730 11.99 1.272
Dirty RM 2384.4 10.54 1.341
Clean RM 2373.9 10.54 1.343

? Referenced Material Designations Shown in Table 4. from Report FHWA/TX-97/1338-1F

Material —| Company Content
Designation
(O] @ [€)]

Plywood — —

AQ ‘Aquanalogy, Inc. —

CTC Composite Technologies Corp. —

RENW Renewed Materials, Inc. Rubber, HDPE, Misc.
Plastic

CMB Pellatech, Inc. HDPE

GTAW Pellatech, Inc. Polyvinyl Chloride (PVC)
and Calcium Carbonate

SPAB Pellatech, Inc. HDPE, Polycarbonate

VIWB Pellatech, Inc. HDPE

- |
Page 8



Image Microsystems Sign Substrate Testing

2 Tensile Test

These tensile test results were compared with other recycled materialst e st ed by Temaxas A&M
Transportation Institute published in Report FHWA/TX-97/1338-1F funded by the Texas Department of
Transportation (TXDOT) and the US Department of Transportation Federal Highway Administration.

2.1Laboratory Procedure

According to ASTM D638 fiStandard Test Method for Tensile Properties of Plasticso, uni-axial tension
tests were performed on specimens whose cross-sectional areas had been reduced in the test region to insure
failure occurred away from the grips (see Fig. 5). The intention was to minimize the effects of boundary

conditions on the data.

R=254cm

152 em -!( "
—\ ¥ J
203 cm
'd [ ™\
[}
- 381 cm 10.16 cm 3.81 cm -
- - 17.78 cm -

Fig. 5. Dimensions of Tensile Test Specimen

The machine used to measure the tensile load was the Instron 8500 Tensile/Compression Testing Machine.
The testing machine setup can be seen in Fig. 6. The strain rate used for testing was (5 = 25% mm)/min.

Fig. 6. Image of Complete Machine Setup for Tensile Testing
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2.2 Calculations

Normal stress in the material is the load P, divided by the cross-sectional area A:

P
s =—
A

The modulus of elasticity is determined from the slope of the linear elastic region of the stress-strain
diagram:

where E represents the modulus, DS is the change in normal stress acting on the specimen, and De
is the respective change in strain.

2.3Results

A total of two candidate materials were tested in uni-axial tension. Each specimen was tested until failure,
or until the test had taken over 20 minutes and was terminated due to effects of creep.

Results from the tensile test for the recycled materials are shown in Table 5 and Table 6. The dirty
recycled material and clean recycled material have very similar modulus of elasticity.

Comparing these results with other recycled materials tested by Texas A&Mdés Texas Tr ar
Institute published in Report FHWA/TX-97/1338-1F funded by the Texas Department of Transportation
(TxDOT) and the US Department of Transportation Federal Highway Administration (see Table 7), the
elasticity modulus of the tested materials are higher than most of the previously tested recycled materials
except the CTC and VIWB. The higher the elasticity modulus, the better the material is suited for use as a sign
blank.

40
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Fig. 7. Stress-Strain Curve of the Dirty Recycled Material
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Fig. 8. Stress-Strain Curve of the Clean Recycled Material

Table 5. Test Results of the Dirty Recycled Materials

No. material Modulus of Elasticity (MPa)
1 Dirty 2414.4
2 Dirty 2480.4
3 Dirty 2461.6
4 Dirty 2363.8
5 Dirty 2264.8
6 Dirty 2318.6
7 Dirty 2167.4
Average 2353

Table 6. Test Results of the Clean Recycled Materials

No. material Modulus of Elasticity (MPa)
1 Clean 2347.6
2 Clean 2479.1
3 Clean 2522.9
4 Clean 2415.1
5 Clean 2291.7
6 Clean 2306.4
7 Clean 2234.1
Average 2371
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Table 7. Reference Results from Report FHWA/TX-97/1338-1F°

Material Modulus of Elasticity (MPa)
AQ 680.5
CTC 6011
RENW 895.9
CMB 1246
GTHW 776.4
SPAB 1076
VIWB 2507
Dirty RM 2353
Clean RM 2371

® Referenced Material Designations Shown in Table 7, from Report FHWA/TX-97/1338-1F

Material ‘Company Content
Designation
2) (€))
Plywood - —
AQ Aquanalogy, Inc. —
CTC Composite Technologies Corp. —
RENW Renewed Materials, Inc. Rubber, HDPE, Misc.
Plastic
CMB Pellatech, Inc. HDPE
GTHW Pellatech, Inc. Polyvinyl Chloride (PVC)
and Calcium Carbonate
SPAB Pellatech, Inc. HDPE, Polycarbonate
VIWB Pellatech, Inc. HDPE

- |
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3 FreeVibration Test

Free vibration tests were performed on the two types of candidate substrate materials (sample with a flat
back and sample with molded reinforcing ribs) in order to determine damping characteristics such as the
damping ratio. Determination of the damping ratio (x) as described in this section was based on the
logarithmic decrement (@) which represents the rate of decay of motion of a freely vibrating structure. Asx
increases, the rate of decay of motion also increases, and the sign substrate undergoes fewer cycles of high
level stress thereby increasing the service life of the sign.

An optimum material would have relatively high values for damping and ductility in order to improve its
resistance to fatigue damage. To determine a material damping ratio experimentally, it is necessary to perform

experiments under conditions of free vibration.

3.1Laboratory Procedure

A free vibration test was carried out in the laboratory by clamping the samples using a C-channel clamp
and desk, two bolts, and a torque wrench (see Fig. 9). The specimen was placed in a clamping device with
the edge of the end flush with the opposite end of a C-channel. After leveling the sample, the bolts were turned
by hand and then tightened with a torque wrench to 13.6 N-m of torque. A PCB accelerometer (model number
309A) with a voltage sensitivity of 1.8%, resolution of 0.02 g, resonant frequency of 120 kHz, and a range of
© 1,200 g was attached to the free end of the specimen (see Fig. 9). The specimen was given an initial
displacement by hand and suddenly released in order to set the sample into free vibration. Acceleration data
were recorded by the computer shown in Fig. 9 (b). This procedure was repeated three times for each

specimen.

(a) Test Instrument (b) Computer for Data Recording

Fig. 9. Free Vibration Specimen Ready for Testing

Data recorded during the experiment were subjected to electronic noise from various types of machinery

in the laboratory. A digital filtering technique was used to remove noise and higher modes of vibration from the
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data to closely approximate the true acceleration time history of the fundamental mode. This is accomplished
by the use of a Butterworth low and high pass filter.

3.2Calculations
The damping coefficient (x) was determined experimentally using the logarithmic decrement method.

The logarithmic decrement (d) is defined by:

U

d=1m

J l"I|+j

(6)

whereu, is the displacement amplitude at the / h peak and j represents the number of cycles that
separate the peaks. This relationship represents the rate of decay of vibration between two peaks, U;andu,,; .

The logarithmic decrement @ s related to the damping coefficient x by the following relationship:

d=—2
1- x°
If x<<I,thenx? @0, and Eq.6 reduces to:
d
X @— )
2p

For values of x that are less than 0.2 (see Fig. 10), Eq.7 yields a reasonably accurate approximation of the
exact relationship given by Eq.6.

Eq.7 is used to calculate damping coefficients for material samples in this study since the damping ratios
(X) are well below 0.2 (see Table 8, 9).

Logarithmic Decrement ()

Fig. 10. Exact and Approximate Evaluation of Logarithmic Decrement
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3.3Results

Fig. 11 and Fig. 12 illustrate the first mode acceleration time history for the two types of sign blanks (flat
back and reinforcing ribs). The figures are plotted to the same identical scale so that differences in the rate of
decay of the motion may be observed. For example, the sign blank with flat back (see Fig. 11) absorbs strain
energy of free vibration much faster than the sign blank with reinforcing rib back (see Fig. 12).

o1

o1
0075

005

ﬁ [\A/\{\/\/‘\A[\f\f\/\f\f\ﬁﬁnnvﬂuﬂuﬂvf
§ [TTTITTARA

-0.05
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-0
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Fig. 11. Typical Free Vibration of the Sign Blank with Flat Back

nMMMM(\f\f\/\r\/\nnnrm/m,\,\,mwm
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Acceleration {100g)

A

Time (=)

Fig. 12. Typical Free Vibration of Sign Blank with Reinforcing Rib Back

Results from free vibration testing of the recycled sign substrate materials are shown in Table 8 and Table
9. These results are compared with other recycled materialst e st ed by Texas A&Mb&és Tex:
Institute published in Report FHWA/TX-97/1338-1F funded by the Texas Department of Transportation
(TxDOT) and the US Department of Transportation Federal Highway Administration (see Table 10). The tested
material exhibited improved damping characteristics over most of the previously tested materials. Additionally,

the damping coefficient of sign blanks with a flat back is higher than those with a reinforcing rib back.
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Table 8. Free Vibration Test Results of Sign Blanks with Flat Backs

Sample No. lo} X Resonance Frequency(Hz)
1 0.163 0.026 23.1
2 0.082 0.013 27.6
3 0.115 0.019 26.7
4 0.126 0.021 26.2
5 0.103 0.016 311
6 0.064 0.01 29.0
Average 1.75% 27.3

Table 9. Free Vibration Test Results of Sign Blanks with Reinforcing Rib Backs

Sample No. d X Resonance Frequency(Hz)
1 0.145 0.024 38.2
2 0.096 0.015 36.0
3 0.11 0.017 38.1
4 0.078 0.011 35.4
5 0.068 0.011 34.2
6 0.109 0.017 335
Average 1.58% 35.9

Table 10. Reference Results from Report FHWA/TX-97/1338-1F*

Material | Specimen Thickness (cm) | Average Value forx (%)
Plywood 1.636 0.79
CTC 0.537 0.47
RENW 1.732 1.53
CMB 0.904 1.41
GTHW 1.245 3.81
SPAB 0.914 1.29
VIWB 1.466 0.40

* Referenced material designations shown in Table 10, from Report FHWA/TX-97/1338-1F

Material Company Content
Designation
(1) 2) 3)

Plywood — —

AQ Aquanalogy, Inc. —

CTC Composite Technologies Corp. —

RENW Renewed Materials, Inc. Rubber, HDPE, Misc.
Plastic

CMB Pellatech, Inc. HDPE

GTHW Pellatech, Inc. Polyvinyl Chloride (PVC)
and Calcium Carbonate

SPAB Pellatech, Inc. HDPE, Polycarbonate

VIWB Pellatech, Inc. HDPE
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4 1zod Impact Test

The objective of the experiment is to test the ability of different types of specimens to withstand impacts
using the notched Izod impact test as specified by ASTM D256 Standard Test Method for Determining the

Izod Pendulum Impact Resistance of Plastics. The Izod test method A is chosen as our test (see Fig. 13).

STRIKING EDGE RADIUS

0.80 + 0.20
(aoat:aooé"."u

(0.87 1 0.002 in)
0.25 £ 0.12 MM. RADIUS
(0.010£0.005 IN.)

Fig. 13. Relationship of Vise, Specimen, and Striking Edge to Each Other for 1zod Test Method A

4.1 Laboratory Procedure

This test fixes one end of a notched specimen in a cantilever position by means of a vice. A striker on the
arm of a pendulum or similar energy carrier then strikes the specimen (shown as Fig. 13). The dimensions of
the specimen are shown in Fig. 14, which are 10mm in width, 12.7mm in depth and 63.5 mm in length. There
is a groove in the middle of the specimen, which is about 1.5mm in depth. The detailed operation is described
below:

1) Place the specimen onto the support with notch facing forward of the striking direction.

2)  Using the setting gauge, center the notch to the reference level (shown as Fig. 15).

3) Face the pointer and latch the hammer

4) Release the hammer. The pointer will indicate the amount of energy consumed by the specimen for
its rupture fracture surface.

The energy absorbed by the specimen in the breaking process is known as the breaking energy. The
breaking energy can be converted into an indication of a materials impact resistance using such units as
foot-pounds or joules.
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\F\_ -~ ~ "], DIRECTION OF
w
IMPACT END D COMPRESSION
MOLDING
T iyl e T

e c > /
“WIDTH OF SPECIMEN

SHALL BE IN ACCORDANCE

WITH SECTION 7.2
mm in,
A 10.16 = 0.05 0.400 = 0.002
B 318=10 1.25 = 0.04
S 835 = 20 250 = 008
D 0.25R = 0.05 0.010R = 0.002
E 1270 = 0.20 0.500 = 0.008

Fig. 14. Dimensions of 1zod-Type Test Specimen

Fig. 15. 1zod Impact Specimen Ready for Testing

4.2 Results

The test results of the dirty and clean materials are shown in Table 11 and Table 12. The clean material
absorbs more energy than the dirty material, and its impact resistance is slightly better than the dirty sample.

However, the difference is insignificant, and these two types of materials have almost identical impact
resistance.
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Table 11. Test Results of the Dirty Materials

No Material | Absorbed Energy(J) Impact resistance(J/m)
1 Dirty 74.701825 5768.480695
2 Dirty 76.328725 5808.883181
3 Dirty 78.90465 5866.516729
4 Dirty 76.599875 6123.091527
5 Dirty 77.5489 6253.943548
6 Dirty 77.27775 6242.144588
Average 6010.510045
Table 12. Test Result of the Clean Materials
No Material Absorbed Energy(J) Impact resistance(J/m)
1 Clean 80.2604 6405.458899
2 Clean 78.497925 6325.376712
3 Clean 78.90465 6368.414044
4 Clean 81.480575 6158.773621
5 Clean 80.124825 6163.448077
6 Clean 80.2604 6349.71519
7 Clean 74.972975 5884.848901
8 Clean 76.4643 6097.631579
9 Clean 79.040225 5951.824172
Average 6189.499022
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5 Adhesion Test

Usually, reflective sheeting is needed on the face of the sign substrate. This adhesion test is used to
evaluate the pull-off strength (commonly referred to as adhesion) of the reflective sheeting from the sign
substrate. Three types of substrate are tested (shown in Fig. 16), which are made from different materials. The
Dirty Recycled Material ( DRM)isc o mposed of 75% Adirtyo plastic (spen
plastic (plastic housings harvested from end-of-life computers and printers).The Clean Recycled Material
(CRM) is composed of 25 % i d i r tagdd5 %pfil cal set ai ncéSevem refdective sheeting types are tested,
shown in Fig. 17. The names of the different sheeting types are listed in Table 13.

Aluminum

Fig. 16. Three Different Types of Substrates for the Adhesion Test
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Fig. 17. Seven Different Types of Reflective Sheeting for the Adhesion Test

Table 13. Detail List of the Reflective Sheeting Types

No Sheeting Type

Nippon Carbide Industries Ultralite Grade (CN512) White

Nippon Carbide Industries Crystal Grade (92802) White

American Traffic Safety Materials, Inc., Series 38008 Type Il White
Reflexite AR1000 with type 45 adhesived Yellow

Reflexite AR1000 with type 45 adhesived White

3M Type C Microprismatic Sheeting Model #3930

Avery T-6500 White Retroreflective Sheeting

N[O~ WIN|F

5.1Laboratory Procedure

The test is based on ASTM D4541 1 09, "Standard Test Method for Pull-Off Strength of Coatings Using
Portable Adhesion Testers". Five adhesion tester types are listed in the ASTM. Adhesion testing method B is
selected for this range of tests (shown as Fig. 18) due to the availability and ease-of-use of the required test
equipment. Test results are read visually from an indicator on the tester. As a result, variances + or i 6 to 7 PSI

could occur. The test equipment is shown in Fig. 19.
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Fig. 18. Schematic of Adhesion Testing Method B, Fixed Alignment Pull-Off Tester

-
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Fig. 19. Photograph of the Fixed Alignment Pull-Off Tester

Prior to conducting the adhesion test the substrate material is prepared as follows:

g wbh e

Dip sample in denatured alcohol for 2 to 3 seconds (shown in Fig. 20)

Wipe sample with lint-free cloth

Air dry sample for 3 to 5 minutes

Peel backing off the reflective sheeting exposing the adhesive

Press the sheeting (adhesive side down) in the center of the sample--squeegee from the center out on
both sides

Squeegee entire sample to remove all air bubbles, ensuring that sheeting is completely adhered.

Let the sample rest for 48 hours to ensure that sample has cured

Fig. 20. Preparatory work for the Substrates and Reflective Sheeting
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After the samples are cured, conduct the adhesion tests as follows:

1.

Prepare the surface of the dolly and the coating where the dolly is to be applied by roughening with an
abrasive paper. Then de-grease these areas by using a suitable solvent to clean both surfaces.

Mix a small quantity of adhesive and apply an even film to the prepared surface of the dolly (shown in
Fig. 21).

Place the dolly onto the prepared test surface and apply pressure to squeeze out excess adhesive which
should then be removed. Allow the adhesive to cure for 24 hours

Fig. 21. Applying Adhesive to the Surface of the Dolly

Cut around the base of the dolly very carefully using the dolly cutter. Place the base support ring over
the dolly ensuring that it lies flat on the surface.

Slacken the hand wheel or nut on the Adhesion Tester. Set the dragging indicator to zero on the scale
and engage the claw carefully with the dolly.

Hold the Adhesion Tester steady with one hand to prevent rotation and tighten the hand wheel or nut
slowly and evenly to apply an increasing force to the dolly and hence stress to the coating. Continue
until the coating fails and the dolly is removed from the surface, or until the specified stress is reached.
The value is read visually from the position of the dragging indicator after the test is complete (shown
in Fig. 22).
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Fig. 22. Detailed Operational Process of the Adhesion Tester

5.2Results

Following the above described test procedure; the pull-off strength is indicated by reading the adhesion
tester. The separated dollies are shown in Fig. 23. The adhesion test results are listed in Table 14. Fig. 23 shows
that most of the reflective sheeting is removed from the substrates. The test results show that the Dirty

Recycled Material has better adhesion properties than the Clean Recycled Material for six of the seven types of
reflective sheeting--the exception being the No. 3 type.

Fig. 23. Separated Dolly from the Reflective Sheeting
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Table 14. Adhesion Test Results

. . Pull-off strength
No Reflective sheeting Substrate type
(PSI)
. . . Aluminum 88
Nippon Carbide Industries ; -
1 . . Dirty Recycled Material 51
Ultralite Grade (CN512) White -
Clean Recycled Material 50
. . . Aluminum 90
Nippon Carbide Industries - -
2 . Dirty Recycled Material 60
Crystal Grade (92802) White -
Clean Recycled Material 45
American Traffic Safety Aluminum 62
3 Materials, Inc., Series Dirty Recycled Material 85
38000 Type Il White Clean Recycled Material 95
. . Aluminum 58
Reflexite AR1000 with type 45 - -
4 . Dirty Recycled Material 70
adhesived Yellow -
Clean Recycled Material 62
. . Aluminum 87
Reflexite AR1000 with type 45 - -
5 . . Dirty Recycled Material 90
adhesived White -
Clean Recycled Material 65
. . . Aluminum 98
3M Type C Microprismatic - -
6 . Dirty Recycled Material 92
Sheeting Model # 3930 -
Clean Recycled Material 90
. Aluminum 98
Avery T-6500 White - -
7 . . Dirty Recycled Material 91
Retroreflective Sheeting -
Clean Recycled Material 89
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6 Creep Test

These creep test results were compared with aluminum, plywood, and other recycled materials tested by
Texas A&MOs Texas Transportat i o r7/1838-$Ftfundedby tee Tepas
Department of Transportation (TxDOT) and the US Department of Transportation Federal Highway
Administration.

Materials with an excessive tendency to creep may begin to sag when mounted as traffic control devices.
This could make the sign more difficult to read and induce stress concentrations around the bolt holes, thus
shortening the life of the sign. Therefore, a short term creep test was performed to determine the rate of
deformation and recovery of the recycled materials. Each specimen was tested at a room temperature of 22C
and at 60C . The latter temperature was used to simulate behavior when the substrate is heated by the sun in
an outdoor environment. Each test produced a displacement versus time chart that showed behavior of the

specimen with the load applied (creep) and with the load removed (recovery).

6.1Laboratory Procedure

Creep tests were performed by bending a cantilevered specimen. Each specimen was 101.6 mm wide and
533.4mm long. The small beam-shaped specimen was clamped to a large desk using a C-channel clamp and a
torque wrench (see Fig. 24 (a)). The load was then applied uniformly to the free end of the specimen using a
special hanger (see Fig. 24 (a)). Strain was recorded using a displacement sensor that was placed 203.2 mm
from the free end. Temperature effects were eliminated by zeroing the displacement sensor reading at the

inception of each experiment.

6.2 Calculations
Each specimen was loaded to an identical stress. Maximum bending stress in the sample was computed

using the beam bending formulae:

s = @ (8)
And
_wt?
BTy )
M =PI (10)
_t
=3 (11)

where S is the bending stress, y is the distance from the neutral axis to the extreme fiber, | is the moment
of inertia about the axis of bending, W is the width of the specimen, t is the thickness of the specimen, M
is the moment at the location the strain is being measured, P is the applied load at the free end, and Z is the

distance from the applied load to the strain gage. Eqgs. 8-11 determined the load P that was applied to each
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specimen in order to achieve an identical state of maximum extreme fiber normal stress for each experiment as
follows:
swit?
6l

P

(12)

I DANGER

(a) Test Instrument (b) Constant Temperature Chamber

Fig. 24. Creep Specimen Ready for Testing
6.3 Results

Figs. 25-27 show the time dependent behavior of the materials under constant stress. DRM (Dirty
Recycled Material) had the same creep properties as Aluminum and Plywood. They did not experience a great

amount of creep, and they did not experience a change in stiffness at the elevated temperature (see Figs.
25-27).

—22Deg.C
—--— 60 Deg.C
04

03

Strain (rm/rm)-

o

2

] 400 800 1200 1600 2000 2400
Tirne 5]

Fig. 25. Creep and Recovery of Dirty Recycled Material
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Fig. 26. Creep and Recovery of Aluminum

Strain (m/m)?
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Time (s)

Fig. 27. Creep and Recovery of Plywood

A measure of the amount of creep was made by determining the percent increase in strain during the creep
portion of the experiment (see Table 15 and Table 16). Thermal effects were quantified by measuring the
percent increase in maximum strain. Creep is defined for purposes of this discussion as the non-linear portion
of displacement that occurs over time after the initial static displacement. This quantity may be expressed as

the percent difference between the initial and maximum strain.

Table 15. Creep Results 22°C

Material Initial stain Maximum strain Creep (%)
Dirty Recycled Material 1.6283 10 1.8493 10* 13.5%
Al 7.232310° 8.0662 10° 11.5%
Plywood 1.293 10" 1.343 10" 15%
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Table 16. Creep Results 60°C

Material Initial stain Maximum strain Creep (%)
Dirty Recycled Material 1.8223 10 2.0373 10" 11.8%
Al 7.413 10° 7.513310° 1.39%
Plywood 1.353 10 1.48310* 10%

Table 17. Reference Results from Report FHWA/TX-97/1338-1F°

Material Percent Increase in Maximum Strain (22°C to 60°C)
Plywood 10.45%
AQ 47.48%
CTC -15.6%
RENW 98.69%
CMB 62.57%
GTHW 49.41%
SPAB 104.71%
VIWB 31.54%
Dirty RM 10.17%

> Referenced Material Designations Shown in Table 17. from Report FHWA/TX-97/1338-1F

Material —‘ Company Content
Designation
2 3
Plywood - —
AQ Aquanalogy, Inc. —
CTC Composite Technologies Corp. —
RENW Renewed Materials, Inc. Rubber, HDPE, Misc.
Plastic
CMB Pellatech, Inc. HDPE
GTHW Pellatech, Inc. Polyvinyl Chloride (PVC)
and Calcium Carbonate
SPAB Pellatech, Inc. HDPE, Polycarbonate
VIWB Pellatech, Inc. HDPE
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7 Fourteen Days Temperature Cycle Sag Test

A 14-day Temperature Cycle Sag Test is conducted on two types of material. A recycled e-waste plastic
materi al composed of 75% Adirtyo plastic (spent
harvested from end-of-life computers and printers) noted as DRM is tested. Additionally, the same size of 2mm

thick aluminum sign substrate is tested as the comparator.

7.1Laboratory Procedure

The test is specifically designed to measure the deformation and reformation of materials undergoing
stress and temperature changes simulating wind load in various climate conditions. The test is similar to
ASTM D3093-3 point bending test. The size of each DRM sample is 1/40*46*23.50 (thickness * width *
length). The loading nose and fixture are prepared and are shown in Fig. 28 and Fig. 29. The samples are then
placed on the fixture and placed inside an environmental chamber whose internal environment temperature can
be controlled automatically (shown in Fig. 30 and Fig. 31). This test requires that the environmental chamber
temperature cycles between 32° F and 140 °F for two weeks. The loading nose is loaded when the temperature
rises and unloaded when the temperature drops in each cycle.

2

Fig. 28. Dimensions of the Loading Nose
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R=0.5"

Span=18" ———— |

Fig. 29. Dimensions of the Fixture

Fig. 30. Specimen Ready for Testing in the Chamber
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Fig. 31. The Automatic Temperature Controlled Chamber for the Test

7.2Results

After the Fourteen Days Temperature Cycle Sag Test, the displacement of each sample over time and
temperature change is recorded by the computer’ shown in Table 18. Additionally, the height-time curve and
linear regression curve of each material is recorded (shown in Fig. 32). The linear regression curve indicates
that the Dirty Recycled Material has the same deformation trend as aluminum but its slope is smaller. This

means that the Dirty Recycled Material properties better withstand the effects of temperature and time
fluctuation and wind-load simulation than the aluminum substrate material.

531

—=— Aluminum
—i— Dirty Recvcled Material
— -+ — Linear Regression for Aluminum
50 — - — Linear Regression for Dirty Recyeled Material

£
|

HEight {(mm})
I

41

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time cycie (Days)

Fig. 32. Height-Time Curve of the Dirty Recycled Material and the Aluminum

Page 33



Image Microsystems Sign Substrate Testing

Table 18. Detail Data for the 14 Day Temperature Cycle Sag Test

. Temperature Dirty Recycled 2mm Thick
Date Time Load(kg) ) )
(F) Material(mm) Aluminum(mm

20109-14 14:50 32 0 50 50
20109-14 20:50 32 1 48.39 46.346
2010 9-14 21:50 140 1 48.247 46.149
2010 9-14 22:50 140 1 47.678 45.881
2010 9-14 23:50 140 1 47.527 45.777
2010 9-15 00:50 140 1 47.421 45.722
2010 9-15 01:50 140 1 47.354 45.647
2010 9-15 02:50 140 1 47.296 45.588
2010 9-15 03:50 140 1 47.251 45.527
2010 9-15 04:50 140 1 47.211 45.465
2010 9-15 05:50 140 1 47.175 45.404
2010 9-15 06:50 140 1 47.142 45.349
2010 9-15 07:50 140 1 47.117 45.324
2010 9-15 08:50 140 1 47.101 45.299
2010 9-15 09:50 140 1 47.093 45.29
2010 9-15 09:52 140 0 48.974 49.092
2010 9-15 20:25 32 0 49.176 49.203
2010 9-15 20:30 32 1 47.441 45.337
2010 9-15 21:30 140 1 47.362 45.193
2010 9-15 22:30 140 1 47.13 45.114
2016 9-15 23:30 140 1 47.116 45.056
2010 9-16 00:30 140 1 47.089 45.013
2010 9-16 01:30 140 1 47.059 44.997
2010 9-16 02:30 140 1 47.042 44.976
2010 9-16 03:30 140 1 47.024 44.945
2010 9-16 04:30 140 1 47.005 44.909
2010 9-16 05:30 140 1 46.991 44.876
2010 9-16 06:30 140 1 46.975 44.838
2010 9-16 07:30 140 1 46.965 44.804
2010 9-16 08:30 140 1 46.949 44.771
2010 9-16 09:30 140 1 46.916 44.698
2010 9-16 09:47 140 0 48.765 48.63
2010 9-16 09:50 32 0 48.79 48.723
2010 9-16 20:00 32 0 48.925 48.789
2010 9-16 20:01 32 1 47.285 45.039
2010 9-16 21:00 140 1 47.159 44.897
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2016 9-16 22:00 140 1 47.03 44.742
2016 9-16 23:00 140 1 46.992 44.662
2016 9-17 00:00 140 1 46.986 44.591
20169-17 01:00 140 1 46.979 44.54
20169-17 02:00 140 1 46.967 44.503
20169-17 03:00 140 1 46.961 44.469
20169-17 04:00 140 1 46.946 44.438
20169-17 05:00 140 1 46.936 44.409
20169-17 06:00 140 1 46.921 44.381
2016 9-17 07:00 140 1 46.885 44.359
2016 9-17 08:00 140 1 46.857 4431
2016 9-17 09:00 140 1 46.84 44.26
2016 9-17 10:15 140 1 46.815 44.252
2016 9-17 10:17 140 0 48.628 48.21
2016 9-17 10:30 32 0 48.882 48.321
20169-17 19:25 32 0 48.756 48.471
20169-17 19:30 32 1 47.127 44.699
2016-9-17 20:30 140 1 46.858 44.442
2016-9-17 21:30 140 1 46.836 44.36
2016-9-17 22:30 140 1 46.843 44.292
2016-9-17 23:30 140 1 46.841 44.235
20169-18 00:30 140 1 46.837 44.195
20169-18 01:30 140 1 46.837 44.186
20169-18 02:30 140 1 46.833 44.165
20169-18 03:30 140 1 46.828 44.144
2016-9-18 04:30 140 1 46.816 44.128
20169-18 05:30 140 1 46.812 44.1
20169-18 06:30 140 1 46.803 44.085
2010 9-18 07:30 140 1 46.795 44.071
20169-18 08:30 140 1 46.773 44.046
20169-18 09:50 140 1 46.729 44.018
2010-9-18 09:52 140 0 48.55 47.985
20169-18 10:00 32 0 48.689 48.11
20169-18 22:50 32 0 48.705 48.303
20169-18 22:55 32 1 47.077 44.507
20109-18 23:55 140 1 46.862 44.251
20169-19 00:55 140 1 46.874 44.168
20169-19 01:55 140 1 46.791 44.109
20169-19 02:55 140 1 46.791 44.068
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20169-19 03:55 140 1 46.777 44.032
20169-19 04:55 140 1 46.758 44
20169-19 05:55 140 1 46.753 43.979
20169-19 06:55 140 1 46.746 43.961
20169-19 07:55 140 1 46.744 43.945
20169-19 08:55 140 1 46.734 43.93
20169-19 09:55 140 1 46.714 43.916
20169-19 13:40 140 1 46.676 43.857
20169-19 13:42 140 0 48.476 47.814
2016-9-19 14:10 32 0 48.699 47.947
2016-9-19 22:23 32 0 48.571 48.098
2016-9-19 22:25 32 1 46.955 44.339
20169-19 23:25 140 1 46.645 44.038
2016-9-20 00:25 140 1 46.601 43.966
2016-9-20 01:25 140 1 46.617 43.91
2016-9-20 02:25 140 1 46.62 43.87
2016-9-20 03:25 140 1 46.621 43.828
20106-9-20 04:25 140 1 46.621 43.802
20106-9-20 05:25 140 1 46.624 43.782
20106-9-20 06:25 140 1 46.617 43.769
20106-9-20 07:25 140 1 46.615 43.749
2016-9-20 08:25 140 1 46.612 43.732
2016-9-20 09:20 140 1 46.612 43.715
2016-9-20 09:22 140 0 48.435 47.708
2016-9-20 10:20 32 0 48.604 47.86
2016-9-20 20:15 32 0 48.524 47.976
2016-9-20 20:17 32 1 46.899 44.214
2010 9-20 21:17 140 1 46.588 43.974
2010 9-20 22:17 140 1 46.55 43.908
2010 9-20 23:17 140 1 46.561 43.828
20109-21 00:17 140 1 46.567 43.778
20109-21 01:17 140 1 46.567 43.744
20109-21 02:17 140 1 46.568 43.715
20169-21 03:17 140 1 46.565 43.694
20169-21 04:17 140 1 46.563 43.677
20169-21 05:17 140 1 46.563 43.661
20169-21 06:17 140 1 46.563 43.648
20169-21 07:17 140 1 46.567 43.638
20169-21 08:17 140 1 46.565 43.627
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20169-21 09:40 140 1 46.551 43.604
20169-21 09:41 140 0 48.385 47.574
20169-21 10:10 32 0 48.584 47.695
20169-21 20:35 32 0 48.453 47.817
20169-21 20:37 32 1 46.817 44.021
20169-21 21:37 140 1 46.53 43.782
20169-21 22:37 140 1 46.542 43.709
20169-21 23:37 140 1 46.554 43.652
20106 9-22 00:37 140 1 46.559 43.635
2016 9-22 01:37 140 1 46.56 43.584
2016 9-22 02:37 140 1 46.563 43.577
2016 9-22 03:37 140 1 46.567 43.55

2016 9-22 04:37 140 1 46.563 43.531
2016 9-22 05:37 140 1 46.563 43.518
2016 9-22 06:37 140 1 46.561 43.514
2010 9-22 07:37 140 1 46.563 43.505
2010 9-22 08:37 140 1 46.558 43.497
20106 9-22 09:37 140 1 46.533 43.464
20106 9-22 09:40 140 0 48.335 47.464
20106 9-22 10:20 32 0 48.519 47.583
20106 9-22 20:35 32 0 48.411 47.712
2016 9-22 20:36 32 1 46.777 43.919
2016 9-22 21:36 140 1 46.474 43.707
2016 9-22 22:36 140 1 46.492 43.648
2016 9-22 23:36 140 1 46.504 43.586
2016-9-23 00:36 140 1 46.507 43.56

2016-9-23 01:36 140 1 46.504 43.535
2010 9-23 02:36 140 1 46.504 43.5

2016 9-23 03:36 140 1 46.5 43.481
2016 9-23 04:36 140 1 46.499 43.472
2016 9-23 05:36 140 1 46.502 43.459
2016 9-23 06:36 140 1 46.496 43.443
2010 9-23 07:36 140 1 46.495 43.43

2016-9-23 08:36 140 1 46.496 43.422
2016-9-23 09:36 140 1 46.489 43.413
2016 9-23 10:25 140 1 46.472 43.397
2016-9-23 10:27 140 0 48.277 47.356
2016-9-23 11:10 32 0 48.485 47.489
2016 9-23 21:00 32 0 48.356 47.594
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2016 9-23 21:05 32 1 46.727 43.857
2016 9-23 22:00 140 1 46.391 43.617
2016 9-23 23:00 140 1 46.403 43.535
20109-24 00:00 140 1 46.424 43.474
20109-24 01:00 140 1 46.426 43.422
20109-24 02:00 140 1 46.424 43.399
20109-24 03:00 140 1 46.424 43.363
20109-24 04:00 140 1 46.419 43.343
20109-24 05:00 140 1 46.417 43.33

20169-24 06:00 140 1 46.415 43.321
20169-24 07:00 140 1 46.414 43.313
20169-24 08:00 140 1 46.41 43.296
20169-24 09:00 140 1 46.411 43.286
20169-24 10:00 140 1 46.403 43.284
20169-24 10:05 140 0 48.263 47.274
20109-24 10:35 32 0 48.428 47.396
20109-24 23:45 32 0 48.308 47.496
2010 9-24 23:47 32 1 46.672 43.774
20106-9-25 00:47 140 1 46.332 43.544
20106-9-25 01:47 140 1 46.359 43.477
20106-9-25 02:47 140 1 46.382 43.427
2016 9-25 03:47 140 1 46.382 43.397
2016 9-25 04:47 140 1 46.384 43.36

2016 9-25 05:47 140 1 46.378 43.335
2016 9-25 06:47 140 1 46.378 43.314
2016-9-25 07:47 140 1 46.373 43.293
2016 9-25 08:47 140 1 46.37 43.288
2010 9-25 09:47 140 1 46.371 43.279
2010 9-25 10:47 140 1 46.368 43.268
2010 9-25 11:47 140 1 46.363 43.259
2010 9-25 12:47 140 1 46.363 43.253
2010 9-25 13:47 140 1 46.363 43.238
2010 9-25 14:00 140 0 48.175 47.17

2016 9-25 21:36 32 0 48.268 47.401
2016 9-25 21:40 32 1 46.631 43.638
2010 9-25 22:40 140 1 46.269 43.422
2010 9-25 23:40 140 1 46.285 43.355
2010 9-26 00:40 140 1 46.297 43.301
2010 9-26 01:40 140 1 46.302 43.27
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2016 9-26 02:40 140 1 46.304 43.242
2016 9-26 03:40 140 1 46.304 43.223
2016 9-26 04:40 140 1 46.304 43.205
2010 9-26 05:40 140 1 46.306 43.196
2010 9-26 06:40 140 1 46.306 43.188
2010 9-26 07:40 140 1 46.304 43.18

2010 9-26 08:40 140 1 46.302 43.171
2010 9-26 09:40 140 1 46.302 43.164
2010 9-26 10:40 140 1 46.304 43.154
2016 9-26 11:40 140 1 46.304 43.15

2016 9-26 12:40 140 1 46.304 43.146
2016 9-26 13:40 140 1 46.302 43.138
2016 9-26 14:10 140 1 46.306 43.167
2016 9-26 14:12 140 0 48.142 47.068
2016 9-26 21:30 32 0 48.237 47.329
2010 9-26 21:35 32 1 46.603 43.561
2010 9-26 22:35 140 1 46.273 43.332
2010 9-26 23:35 140 1 46.276 43.29

20106 9-27 00:35 140 1 46.285 43.251
20106 9-27 01:35 140 1 46.293 43.225
20106 9-27 02:35 140 1 46.297 43.192
2016 9-27 03:35 140 1 46.297 43.188
2016 9-27 04:35 140 1 46.297 43.156
2016 9-27 05:35 140 1 46.293 43.137
2016 9-27 06:35 140 1 46.293 43.117
2016 9-27 07:35 140 1 46.293 43.096
2016 9-27 08:35 140 1 46.295 43.084
2010 9-27 09:35 140 1 46.289 43.075
2010 9-27 09:40 140 0 48.113 47.033
2010 9-27 20:45 32 0 48.23 47.302
2010 9-27 20:50 32 1 46.576 43.548
2010 9-27 21:50 140 1 46.224 43.273
2010 9-27 22:50 140 1 46.249 43.211
2016 9-27 23:50 140 1 46.264 43.154
2016-9-28 00:50 140 1 46.268 43.125
2010 9-28 01:50 140 1 46.272 43.099
2010 9-28 02:50 140 1 46.272 43.089
2010 9-28 03:50 140 1 46.275 43.077
2010 9-28 04:50 140 1 46.276 43.058
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2016 9-28 05:50 140 1 46.275 43.05

2016 9-28 06:50 140 1 46.273 43.037
2016 9-28 07:50 140 1 46.276 43.029
2010 9-28 08:50 140 1 46.276 43.024
2010 9-28 09:35 140 1 46.259 43.03

2010 9-28 09:37 140 0 48.119 46.955
2010 9-28 14:50 32 0 48.192 47.202
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8 UV Exposure Test

One of the important characteristics of a sign substrate material is that it must withstand continuous
exposure to outdoor weather. Deterioration of outdoor materials is the result of exposure to ultraviolet (UV)
light, rain, wind, and freeze-and-thaw cycles. In order to determine the influence, if any, that environmental
conditions have on the mechanical properties and serviceability of a sign blank, samples collected for this
study were exposed to UV-B light in a simple test stand (see Fig. 33). Effects of UV and weathering were
determined by comparing results of uni-axial tension and three-point bending tests on exposed samples with
the same tests performed on samples in their virgin state.
These UV exposure test results were compared with plywood, and other recycled materials tested by
Texas A&MOs Texas Transportati of7/183&4ti tute published

Fig. 33. Preparation for the UV Test

8.1Laboratory Procedure

Standard three-point bending and axial tensile test samples of each material were subjected to a UV
exposure test that was intended to approximate exposure to sunlight. The test was performed using procedures
outlined in ASTM D4329-05. Two fluorescent UV-B light bulbs rated at 40 watts each were used in this test
(shown in Fig. 33), and each specimen was placed on a shelf that was 50 mm directly below the UV-B light

source. The elapsed time for this test is 45 days.

8.2Results

Two material sample types (CRM and DRM) and ten specimens of each material type were tested under
the UV-B light (see Fig. 33). After 45 days, ten of the samples showed discoloration on the surface. This is
thought to be the result of the relatively short wavelength of light used in this particular test. The wavelengths
ranged between 280 nm and 315 nm.

To describe the effects of exposure to UV-B rays, the four-point bending stress-strain curve is provided
for both the virgin and exposed specimens (see Fig. 34 and Fig. 35). Also, the uni-axial stress-strain diagrams
are shown in Fig. 36 and Fig. 37 for both the virgin and exposed specimens.
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Fig. 34. Environmental Effect on Dirty Recycled Material (DRM) for Three-point Bending Test

60
—UV-B

501 — —Virgin
401
L]
o
2
@30
721
@
=
)

201

101

0 !

0 4 5 6 7 8 9 10

Strain (% mm/mm)

Fig. 35. Environmental Effect on Clean Recycled Material (CRM) for Three-point Bending Test
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Fig. 36. Environmental Effect on Dirty Recycled Material (DRM) for Tensile Test
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Fig. 37. Environmental Effect on Clean Recycled Material (CRM) for Tensile Test

Results of the UV-B specimens are mixed. In the tensile test, the UV-B DRM has almost the same
elasticity modulus as the virgin specimens, slightly reduced 0.67%. However, the elasticity modulus of CRM
increases 1.9% (see Table 19). In the three-point bending test, DRM experienced a reduction in strength of
4.3%, while CRM specimens retained their strength and became a little stiffer (see Table 20). Plywood

experienced a significant (16.31%) reduction in strength as shown in Table 20.

Page 43



Image Microsystems Sign Substrate Testing

Table 19. Summary of Environmental Effects on Tensile Test

Material Modulus of Elasticity
Virgin (MPa) UV-B (MPa) Change (%)
DRM 2353 2337 -0.67%
CRM 2371 2416 1.9%
Table 20. Summary of Environmental Effects on Three-point Bending Test®
Material Flexural Modulus
Virgin (MPa) UV-B (MPa) Change (%)
Plywood 5760 4770 -16.31%
AQ 922 940 1.83%
CTC 6530 5430 -1.65%
RENW 1110 1140 3.04%
GTHW 1370 1470 7.33%
SPAB 1330 1420 6.84%
VIwWB 2730 2780 1.82%
DRM 2384.4 2281.7 -4.3%
CRM 2373.9 2417.2 1.82%

® Referenced Material Designations Shown in Table 20. from Report FHWA/TX-97/1338-1F

Material Company Content
Designation
1) (2) 3)

Plywood — —_

AQ Aquanalogy, Inc, —

CTC Composite Technologies Corp. —

RENW Renewed Materials, Inc. Rubber, HDPE, Misc.
Plastic

CMB Pellatech, Inc. HDPE

GTHW Pellatech, Inc. Polyvinyl Chloride (PVC)
and Calcium Carbonate

SPAB Pellatech, Inc. HDPE, Polycarbonate

VIWB Pellatech, Inc. HDPE
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Conclusion

The testing performed concludes that the dirty recycled plastic (DRM) and the clean recycled material
(CRM) have very similar properties such as flexural modulus, elasticity modulus, impact resistance and creep
properties. However, DRM has better adhesion properties than CRM for six of the seven types of reflective
sheeting. Compared to Plywood, Aluminum and other recycled materialst e st ed by Tex
Transportation Institute published in Report FHWA/TX-97/1338-1F funded by the Texas Department of
Transportation (TXDOT) and the US Department of Transportation Federal Highway Administration, DRM
exhibited improved damping characteristics over Plywood and almost the same creep property as Plywood and
Aluminum. Additionally, DRM has better properties to withstand the effect of temperature and time fluctuation
and wind-load simulation than the aluminum substrate material. After 45 days of UV exposure, the physical
properties of DRM and CRM changed little, which is better than Plywood.

In other words, based on the test results, DRM made by Image Microsystems of Austin, Texas, USA has
similar physical properties to Plywood and Aluminum. In some aspects (such as withstanding environmental
effects and free vibration), DRM exhibits better properties than Plywood and Aluminum. Therefore, DRM is

an appropriate material candidate to replace Plywood and Aluminum for use as sign substrate.

Reporter: Hong-Chao Zhang Ph.D. and P.E.
Professor of Industrial Engineering
Texas Tech University
Lubbock, TX 79409-3061
US.A.
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