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Abstract
The Portland State Aerospace Society (PSAS) will manufacture a fiberglass sheath for the purpose of stiffening and protecting a rocket airframe.  The material properties of fiberglass composites depend heavily on the particular manufacturing process, as well as on the type of resin and fiberglass used.  To closely predict the behavior of the fiberglass sheath under the stresses of the rocket’s flight with finite element software, the modulus of elasticity is required. The theoretically predicted elastic modulus, which depends on the volume ratio of fiber to epoxy, was calculated to be 2446 ksi.  The experimental elastic modulus of the PSAS fiberglass was investigated by testing with an automated Instron tensile testing machine. From the five samples tested, the average experimental modulus of elasticity was found to be 1485 ksi.

Introduction
Fiberglass is a composite material consisting of glass fibers in a matrix of epoxy.  The glass fibers as purchased are woven into cloth, which is categorized by weight per square yard, type of weave, and type of glass.  There are several types of epoxy available.  The mechanical properties of the fiberglass depend on the volume ratio of the two components as well as on the properties of the glass fiber component and the epoxy component individually [1].  

Fiberglass similar to what is tested will be used as the outer skin of the rocket airframe.  Its purpose will be to stabilize and protect the airframe by serving as a stiffening component.  In addition, the smooth surface of the fiberglass will serve to reduce drag on the rocket during flight.  The fiberglass skin will experience bending, compression and tension loads during the supersonic flight.  To understand the effects of these loads, the skin will be modeled with finite element software, which requires the modulus of elasticity.

This experiment tests fiberglass made with eight layers of Tap Plastics Boat “C” lightweight 7533 E-glass cloth, with the warp and weft at 90( to each other, and Tap Plastics Four to One, Super Hard Epoxy Resin.    The density of the fiberglass composite as manufactured was found to be 25 grams per cubic inch, which indicates a composition of 59% epoxy and 41% fiberglass.  Young’s elastic modulus for this material will be predicted using the isostrain rule and Hooke’s law, and will be found experimentally by tensile testing.

The manufacturing process of the test coupons is documented in Appendix A.  The geometry of the test coupons is dictated in the ASTM standard D3039 Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials [2].  The five test coupons chosen were closest to the dimensions specified in D3039.  As well, they were chosen because they were the most similar to each other, in the hopes of avoiding great variations in the results.

Objectives
The objective of this experiment was to measure the elastic modulus of the Portland State Aerospace Society’s fiberglass composite.  

Theory

Young’s elastic modulus is well understood; it is the slope of the stress-strain curve in the elastic region.  For a composite material, the modulus can be predicted theoretically using the isostrain rule, Hooke’s law, and the ratio of fiber to matrix.  The average theoretical elastic modulus of the fiberglass will be a function of the average volume fractions of glass and epoxy matrix in the composite.  The total force acting on the composite is equal to the sum of the forces on the fiber and on the matrix.    
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It is assumed that all the glass fibers have constant diameters.  As an approximation, it is also assumed that half of the fiber cross-sectional area will be normal to the tensile force (due to the warp and weft being at 90( to each other), so that stress in the fibers may be found by dividing tensile force by the sum of their cross-sectional areas [3].  Then the ratio of fiber area to matrix area is the same as the half the volume ratio of fiber to matrix, in this case about 2:3 (See Appendix B for details on finding this volume fraction).
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The total area then cancels out.  
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Using Hooke’s Law to write the equation in terms of the modulus of elasticity, E yields
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Since the change in length of the matrix is the same as the change in length of the fiber, according to the isostrain rule they both experience an equal amount of strain [4].  If the strain of the fibers differed from the strain of the matrix, holes would appear in the composite.
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The PSAS fiberglass is made of epoxy with an elastic modulus of 493 ksi [5] and glass with an estimated elastic modulus of 10,515 ksi [6], which makes the total predicted modulus of elasticity 2446 ksi.

Finding this modulus experimentally involves a tensile test, where a known load is applied to a sample with known geometry.  Dividing the load by the cross-sectional area gives the tensile stress.  The cross-sectional area, 0.033 in2, is assumed to be constant throughout the test.  This was thought to be a reasonable approximation, due to very little variation in measurable area before and after testing, even in sample 13, which fractured.  (See Appendix C.)   
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Measurement of the material’s elongation gives the strain at that particular stress. 
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Force vs. elongation data points were plotted on separate curves for each sample.  Dividing the force by the cross sectional area, and dividing the elongation by the gauge length, allows Young’s modulus to be determined from the slope of the curve in the elastic region, which is most of the curve, as fiberglass is a brittle material. Elongation was controlled electronically by the Instron Tensile Test machine.
EXPERIMENTAL PROGRAM
Apparatus
The automated pulling machine, shown in Figures 1 and 2, clamps the top and bottom of the test coupon.  The crosshead moves down at a constant rate determined by the operator.  A load cell above the top clamp measures the tensile force on the specimen; for each test, there is an initial settling period, where the tensile force does not increase, due to the slack being removed from the clamping apparatus.  The top clamp is flexible in two axes due to two pin joints; this minimizes error due to bending and misalignment of the test coupons.  

Automated Pulling Machine

-Manufactured by Instron

-Model # 1122

-Serial # 5080

-Calibration Date 11/17/2000

The output of the pulling machine is a force-time chart; it can also be interpreted as a force-elongation chart, since the elongation per time is a constant, controlled by the machine.  The chart feed rate is one inch per minute; this rate, together with the rate of movement of the crosshead, is used to determine the strain per inch on the x-axis of the chart.  The y-axis of the chart has a range of 10 inches, which corresponds to a load range of from 200-2000 pounds, as determined by the operator.
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Figure 1
Component of tensile test machine.
Figure 2 Component of tensile test machine. 

Controls the machine in Figure 2 and graphs

Grips hold the sample and pull in tension acccording
force vs. time.  Equipment use courtesy 

to controls of component in Figure 1.  Equipment use

MEI – Charlton Inc. ,  Portland, Oregon.

courtesy MEI – Charlton Inc. ,  Portland, Oregon.
Procedure

To set up the automated pulling machine, turn on the pen (which marks the moving chart), reset the extension measurement readout to zero when the crosshead is positioned at the desired gauge length, 5.79”, and set the crosshead speed to 0.05 in/min. The load range was set to 1000 pounds, so that the loading started at zero pounds and increased to 1000 pounds (barring specimen fracture).  

Each fiberglass test coupon was clamped, first in the top clamp, which is flexible due to two pin joints, then in the rigid bottom clamp.  The gauge length was measured after clamping and recorded.  (Actual lengths vary slightly from the original setting due to some slack in the clamping apparatus.)  The “Down” button on the Instron was pressed to start the test.  When the load closely approached 1000 pounds, the “Stop” button was pushed.  The test coupon number and actual gauge length were recorded on the chart for each test.  This procedure was repeated four times for a total of 5 trials, as recommended in ASTM standard D3039 for matrix composite materials [2].

Results
[image: image11.png]



Chart 1: Sample 9           Chart 2: Sample 10             Chart 3: Sample 11
     Chart 4: Sample 12           Chart 5: Sample 13

Data Analysis and Discussion
The scales of the axes on Charts 1-5 were determined from the settings of the Instron.  The scale of the strain axis was determined from the feed rate of the graph paper, one inch per minute, and from the crosshead travel rate of 0.05 inches per minute (which is necessarily the same as the specimen elongation rate).  The scaling was determined using the following formula.
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Although the gauge length varied from 5.78” to 5.81”, the average gauge length of 5.79” is sufficient for the level of accuracy attainable on graph paper.
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Therefore, each minor gridline (10 minor gridlines per inch) on the x-axis of the graphs represents 864 ((.  

The stress axis was determined from the fact that the range (which is determined by an Instron setting) of 1000 pounds was divided into ten inches on the graph paper, and that the average cross-sectional area was 0.033 in2.  The average cross-sectional area is sufficiently accurate for this calculation, as the test coupons did not appear to experience a change in area that is greater than the manufacturing dimension tolerances of the test coupons. (Refer to Appendix B for specific dimensions of each test coupon.)  To obtain the axis scaling, the following formulation was used.
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Then each major gridline (one major gridline per inch) on the y-axis of the graphs represents 3.03 ksi.

Ten points from each plot were entered into Excel, which was used to determine the slope of the trendline that best fit those points.   The y-intercept for the trendline was constrained to be zero, since the actual stress at zero strain must be zero.  Chart 6 and Figure 3 show the Excel data.  (See Appendix D for copies of the original paper charts with the points used to calculate modulus of elasticity.) Each is the elastic modulus for a given test.  These moduli were then averaged to find the experimental elastic modulus of the PSAS fiberglass.  

	Sample 9
	Sample 10
	Sample 11
	Sample 12
	Sample 13

	strain

(in/in)
	stress

(ksi)
	strain

(in/in)
	stress

(ksi)
	strain

(in/in)
	stress

(ksi)
	strain

(in/in)
	stress

(ksi)
	strain

(in/in)
	stress

(ksi)

	0.000432
	0.909
	0.000864
	2.121
	0.000000
	0.606
	0.000432
	0.909
	0.000864
	1.515

	0.002160
	3.636
	0.002592
	4.545
	0.003456
	5.757
	0.003024
	4.848
	0.002592
	4.242

	0.004752
	7.575
	0.005184
	8.787
	0.005184
	8.484
	0.004752
	7.575
	0.005184
	8.484

	0.006480
	10.302
	0.006912
	11.817
	0.006912
	11.211
	0.006480
	10.605
	0.006912
	11.211

	0.009072
	14.241
	0.008640
	14.544
	0.008640
	13.938
	0.008208
	13.635
	0.008640
	13.938

	0.011664
	17.574
	0.009504
	15.756
	0.011232
	17.271
	0.009936
	16.059
	0.011232
	17.271

	0.014256
	20.907
	0.012096
	19.089
	0.012960
	19.695
	0.012528
	19.695
	0.012960
	19.695

	0.016848
	23.937
	0.013824
	21.513
	0.015552
	22.725
	0.015120
	23.028
	0.014688
	21.816

	0.017712
	25.149
	0.018144
	26.967
	0.018144
	25.755
	0.016848
	25.149
	0.017280
	24.846

	0.020304
	28.179
	0.019008
	28.179
	0.021600
	29.694
	0.020304
	29.391
	0.021600
	29.694


Chart 6: Points from the Instron graphical output.

Figure 3: Plot of data from Chart 1 with trendlines as computed by Excel.
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Each of the five slopes in Figure 3 represents the modulus of elasticity of a particular sample.  These are averaged to find the best estimate of the modulus as evidenced by this experiment.
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The empirically found modulus of elasticity of the PSAS fiberglass is 1485 ksi.

Sources of error in this experiment may have been due to human error in taking measurements, Instron equipment issues, or fiberglass manufacturing issues.  Charts output by the Instron testing machine are often slightly bowed, even when a material is known to have a linear curve in the region tested.  This is likely due to localized elongation caused by the grips, which affects the overall output.  Use of an extensometer would eliminate this source of error.  (Unfortunately, none was available for this experiment.)  There is also the possibility of inaccurate calibration of the Instron’s load cell or crosshead travel rate.  

The effect of the black dye that was incorporated into the composite, or imperfect measurement of the four-to-one volume ratio of epoxy to hardener may have skewed the theoretical modulus.  Manufacturing left tiny air bubbles in the epoxy, which increase the actual stress in the fiberglass composite by reducing the cross-sectional area.  The result is a higher stress for a given strain than was measured in the experiment, which corresponds to higher modulus values than those actually determined.

The theoretical modulus assumed perfectly flat, aligned glass fibers, but the fibers are in fact woven rather than flat, and the test samples themselves were noticeably wavy.  Bending and surface roughness may have caused stress concentrations.

Finally, samples may not have been aligned such that the fiberglass strands were oriented exactly in the direction of the tensile force.  This was not likely to be a serious problem, however, due to the flexibility of the clamps; also, the results of the five tests were fairly similar, which would not be the case if perfect alignment were an issue. 

Conclusions

The empirical value of E was significantly lower than the theoretical value of E.  This may be attributed to an inaccurate modulus for E-glass used in the theoretical calculations.  The modulus used was taken from a second source, and not directly from the manufacturer (not available), and therefore may not accurately represent the E-glass used in this experiment. 

Considering the large discrepancy between the theoretically determined modulus and the empirically determined modulus, it is fortunate that this experiment was carried out.  If the theoretical elastic modulus had been used in a finite element analysis of the fiberglass airframe skin, the airframe sheath would have been grossly under-designed.  For the purposes of modeling the PSAS fiberglass airframe, a Young’s modulus of elasticity of 1485 ksi will be used.
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Appendix A: PSAS Fiberglass Manufacturing Process

The fiberglass was manufactured on a smooth aluminum work sheet.  First, a layer of nylon bagging material was laid down.  A sheet of 0.002” Mylar is placed on top of the nylon so as to create a smooth fiberglass surface.  A 4:1 ratio of epoxy to hardener, together with a dime-sized quantity of black pigment was hand-mixed for 60 seconds.  The Mylar layer was wetted with a thin coat of the epoxy, and 2 layers of 6.0 oz. E-glass were placed on the Mylar. Double layers of fiberglass are wetted and layered in this fashion until there is a total of eight fiberglass layers.  A perforated release film is laid on top of the fiberglass, to allow excess epoxy to bleed out of the stack during vacuum bagging.  The excess epoxy  bleeds into a cotton bleeder cloth placed on top of the perforated release film.  The final layer is another sheet of nylon bagging material.  See Figure A.1 for a schematic of the layering.  
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Figure A.1: Schematic of fiberglass manufacturing lay-up
After layering, sealant tape is used to fasten the top and bottom nylon sheets.  Two EZvac bag connectors are installed through the top nylon sheet.  Vacuum lines are hooked up to the EZvac connectors, and a 28.5 inHg vacuum is maintained through a compressor for 14 hours (See Figure A.2).  
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Figure A.2: Vacuum Bagging of Fiberglass

The fiberglass was then cured for 24 hours at 65(F.  In order to make fiberglass coupons for testing, the composite was cut into strips with a band saw (See Figure A.3) and its edges were smoothed  with a milling machine (See Figure A.4).
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Figure A.3
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Figure A.4
Throughout fabrication, every effort was made to obtain a uniform sample.  The final result is shown in Figure A.5.
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Figure A.5

Appendix B: Finding the Volume Fraction of Fiberglass

According to the technical data sheet provided by Tap Plastics (http://www.tapplastics.com/techinfo/pdf/pb03.pdf), the density of the epoxy resin used is 9.2 pounds-mass per gallon, and the density of the hardener used is 9.0 pounds-mass per gallon.  A four-to-one ratio of epoxy to hardener was used, which makes the density of the matrix 9.15 pounds per gallon.
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The mass of the epoxy and hardener in the composite was determined to be 120.6 g.  (This was found by subtracting the mass of the discarded epoxy/hardener from the mass of the total amount used.) The density units were converted to grams per cubic inch.
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The mass is divided by the density to find the volume of the epoxy/hardener matrix. 
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The total volume of the manufactured composite was measured to be 11.42 cubic inches (14” tall*12” wide * 0.068” thick = 11.42 in3).  This means the volume fraction of the matrix is:
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and the volume fraction of the fiberglass is:
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Alternatively, the densities can be used to determine the percentage composition by volume.
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Appendix C:  Detailed Fiberglass Sample Information
	Sample #
	Width Measurements Before Test
	Width Measurements After Test 
	Thickness Measurements Before Test
	Thickness Measurements After Test
	Type of Failure

	9
	1) 0.479”

2) 0.478”

3) 0.470”

Average) 0.476”
	1) 0.478”

2) 0.480”

3) 0.472”

Average) 0.477”
	1) 0.068”

2) 0.065”

3) 0.067”

Average) 0.067”
	1) 0.070”

2) 0.066”

3) 0.068”

Average) 0.068”
	Did not fracture.

	10
	1) 0.477”

2) 0.483”

3) 0.472”

Average) 0.477”
	1) 0.468”

2) 0.475”

3) 0.478”

Average) 0.474”
	1) 0.071”

2) 0.069”

3) 0.068”

Average) 0.069”
	1) 0.069”

2) 0.069”

3) 0.072”

Average) 0.070”
	Did not fracture.

	11
	1) 0.480”

2) 0.480”

3) 0.472”

Average) 0.477”
	1) 0.477”

2) 0.480”

3) 0.472”

Average) 0.476”
	1) 0.069”

2) 0.068”

3) 0.072”

Average) 0.070”
	1) 0.070”

2) 0.071”

3) 0.073”

Average) 0.071”
	Did not fracture.

	12
	1) 0.477”

2) 0.475”

3) 0.468”

Average) 0.473”
	1) 0.478”

2) 0.470”

3) 0.466”

Average) 0.471”
	1) 0.071”

2) 0.070”

3) 0.071”

Average) 0.071”
	1) 0.069”

2) 0.070”

3) 0.071”

Average) 0.070”
	Did not fracture.

	13
	1) 0.473”

2) 0.4778”

3) 0.469”

Average) 0.473”
	1) 0.465”

2) 0.471”

3) 0.468”

Average) 0.468”
	1) 0.066”

2) 0.067”

3) 0.066”

Average) 0.066”
	1) 0.066”

2) 0.068”

3) 0.067”

Average) 0.067”
	Fractured with delamination in the middle of the gauge length.

	Average of 5 Samples
	0.475”
	0.473”
	0.069”
	0.069”
	N/A


Average cross sectional area of sample: (0.474)(0.069) = 0.033 in2.

NOTE:  ASTM standard D3039 dictates the geometry of the test coupon and calls for a length of 12 inches, width of 0.5 inches and thickness of 0.070 inches.  Every effort was made to conform to these dimensions.

Appendix D: Chart Points Chosen for Calculation of E
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Chart D1: Sample 9 Data Points
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Chart D2: Sample 10 Data Points
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Chart D3: Sample 11 Data Points

[image: image31.png]VIR i

Py

wi-f?am





Chart D4: Sample 12 Data Points
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Chart D5: Sample 13 Data Points
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