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GENERAL BACKGROUND:
Pendulum impact testing can be used to evaluate fracture energies and fracture forces of different materials.  By calibrating a potentiometer attached to the pendulum, swing angles can be measured and used to calculate the energy to fracture.  It is important to know the fracture energy and force of materials in order to judge their ability to resist impact.  This information can be used to optimize the design of protective equipment, such as helmets and shin-guards, as well as other structures. 

The pendulum apparatus can measure the amount of energy needed to fracture a sample.  In the experiment, the system will be used to measure fracture energies of wooden sticks subjected to various geometrical and environmental conditions.  This will identify important structural properties of wood as well as how it responds to different environmental conditions.  This experiment parallels what might be done to evaluate a material in comparison to a biological structure.

HYPOTHESES/AIMS:

The purpose of this experiment is to evaluate the fracture energy of wood through impact pendulum testing.  The first aim of the experiment is to analyze the effect of geometric configuration on the fracture energy of wooden popsicle sticks by conducting impact testing on sticks stacked horizontally (one on top of another with the wide dimension facing upwards) and vertically (adjacent to each other with the wide dimension facing impact).  The first hypothesis is that there will be a nonlinear relationship between fracture energy and number or stacked sticks. The second hypothesis is that vertically stacked sticks will exhibit lower values of fracture energy than horizontally stacked sticks in a stack such that the distance the pendulum breaks through is equal in both vertically and horizontally stacked sticks.  The second aim of the experiment is to investigate the effect of different environments on the fracture energy of wood.  First, the sticks will be soaked in water and their densities will be determined.  The hypothesis is that there will be an inverse relationship between density and fracture energy.  Second, the sticks will be subjected to different temperatures before testing.  The hypothesis, again, is that there will be an inverse relationship between temperature and fracture energy. 

GENERAL PROTOCOL:

Part 1: Geometries
· Calculate energy lost due to friction

· Test specimens using pendulum device

· Test horizontal and vertical orientations of specimens

· Test layers of sticks for both orientations.

· Calculate energy loss due to fracture from change in angle measurements

· Compare fracture energy vs. layers of sticks for both orientations

Part 2: Conditions
· Soak wooden sticks in water 
· Calculate energy lost due to friction

· Find density of wooden sticks
· Test each specimen 

· Calculate energy loss due to fracture from change in angle measurements.

· Compare facture energy vs. density

· Place wooden sticks in a refrigerator and freezer for 24 hours
· Test cooled sticks and calculate energy loss due to fracture

SPECIFIC METHODS:

To calculate the energy lost due to friction, the pendulum was released from a position of approximately 90 degrees and allowed to swing freely.  The initial and final voltages were taken from the computer and converted to angle measurements.  The difference between these was used to calculate the energy lost due to friction. The energy lost due to friction was recalculated for each day of the experiments.

Geometry Testing:
In the first part of the experiment, impact tests were performed with different geometries.  “Horizontal” samples were stacked wide side down one on top of another.  “Vertical” samples were laid wide side facing the point of impact of the pendulum head, stacked one next to another.  The specimens used were Starbucks stirrers, which were found to be uniform and easy to break.

First, measurements were taken for ten horizontal trials and ten vertical trials of one stick.  This was followed by ten trials of each orientation taken with increasing numbers of sticks, up to four stacked sticks.  The number of sticks necessary to obtain an equivalent cross section in the two orientations was determined to be four.

Fracture energy, like the energy lost to friction, was calculated from changes in the angle of the pendulum before and after impact for each trial.  Fracture energy in the two different orientations was compared for equal width and height using the t-test.  Then the fracture energy vs. number of sticks was plotted for both orientations and fitted with trendlines in Microsoft Excel.  Finally, the two groups of data were examined for similarities and differences, i.e., between the y-intercepts, slopes, and maximum fracture energies.

Conditions Testing:
In the second part of the experiment, impact tests were performed with different conditions.  The first set of conditions tested was wet versus dry sticks.  Sticks were soaked for 24 hours in order to determine the 100% saturation point.  The sticks were soaked in water and continuously withdrawn and tested.    Densities of each stick were measured immediately before testing.  For the density calculation, mass was measured using the electronic balance; volume was taken as length*width*thickness as measured with a caliper.
Each specimen was then impact tested.  In this part of the experiment, impact tests were only conducted for one stick laid vertically.  The energy loss due to fracture was again calculated from the change in angle measurements. 

For the alternate set of conditions, sticks were impact tested at different temperatures: room temperature (30°C), refrigerator temperature (9°C), and freezer temperature (-13°C).  The sticks were placed in the refrigerator and freezer for approximately 24 hours.  On the day of testing, the sticks were removed one by one for density measurements and then put back into their environments.  One hour later, the sticks were removed from the refrigerator and freezer and run over to the tester to minimize heat loss.    Twelve trials of each temperature were performed.

Fracture energies were calculated for the two conditions tests: the soaked sticks and temperature trials.  Fracture energies were compared in the individual groups using the t-test.  Then fracture energy versus density was plotted and analyzed for trends.  
RESULTS:

The first aim of the experiment was to determine if increasing the layers of sticks would cause a linear increase in fracture energy for both vertically and horizontally stacked sticks.  It was determined that both orientations showed a linear relation due to the very high R2 value, 0.997 and 0.995, respectively, of their regressions (see Figure 1).  This rejected the hypothesis that it would be a nonlinear relationship.  The slopes of the two orientations were found to be similar given the magnitude and overlap of the associated error bars.

It was found that there was no difference between energy to fracture for stacks of four sticks layered horizontally vs. vertically (p>0.05).  This once again rejected the original hypotheses that the horizontally stacked sticks would exhibit higher fracture energies under constant dimensions.  The mean fracture energy for 4 vertically stacked sticks was 1.651 ± 0.252 J while it was found to be 1.566 ± 0.218 J for those stacked horizontally.  These stacks had constant cross-sectional dimensions of 0.650 ± 0.005 cm x 0.650 ± 0.005 cm.
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FIGURE 1.  Fracture energy vs. layers of sticks was plotted for both vertical and horizontal configurations.  The error bars are the standard deviations for the mean values of the 10 sticks tested under each orientation.  The mean energy to fracture for 0 sticks was taken to be the mean energy loss due to friction during a dry run, 0.026 ± 0.004 J.
As seen in Figure 2, plotting fracture energy against density revealed a general, but not strictly linear, trend.  Sticks soaked for 24 hours showed a range of densities from 0.77 to 0.92 gm/cm3 with a mean of 0.84±0.04 gm/cm3.  As density increases, the range of fracture energies observed also increases.
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Samples placed in the -13.0±0.5oC freezer for 24 hours had a mean fracture energy of 0.521±0.14 J (n=12) whereas those placed in the 9.0±0.5oC refrigerator had a mean fracture energy of 0.552±0.08 J (n=12). A set of samples evaluated at room temperature (30±0.5oC) had a mean fracture energy of 0.446±0.07 J (n=12).  Those in the freezer were not statistically different in fracture energies from either other set; however, the refrigerator and room temperature sets proved to be statistically different (p<.05). Densities varied among the samples subjected to each set of conditions.  There was a general trend of increase in the variability of fracture energies as density decreased, but there was no specific trend in fracture energy overall.  Mean densities for treated sticks were 0.544±0.05 g/cm3 for those in the refrigerator (n=12) and 0.532±0.07 g/cm3 for those in the freezer (n=12).  Mean density at room temperature was 0.569±0.05 g/cm3 (n=12).  The mean density of those in the freezer was statistically different from the mean density at room temperature; the mean density at refrigerated temperature was not statistically different from that at room temperature.

[image: image8.wmf]Fracture Energy vs. Density for Temperature 

Trials

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Density (g/cm^3)

Fracture Energy (J)

Room Temperature

Freezer

Fridge


DISCUSSION:
Geometry:
For sticks placed horizontally versus vertically, a comparison between a set-up in which the width equaled the height, which corresponded to 4 sticks, showed no statistical difference in fracture energy (p>0.05). This contradicts the original hypothesis that horizontally stacked sticks will have higher fracture energy than vertically stacked sticks when tested with equal dimensions. The hypothesis was centered around the thought that the grains in the wood would cause different mechanical properties. It was hypothesized that breaking wood in a way in which the wood would need to break through the grains would take more energy than in a way that broke the wood perpendicular to the grains. The tests showed that this was not the case. No conclusion can be made about grain strength or orientation improving the energy to fracture. 


It was also hypothesized that increasing layers of sticks would produce a non-linear relationship with increasing fracture energy. The results instead showed a strong linear relation between increasing layers and fracture energy. This was true for both vertical and horizontal orientations. The relationship E=W=Fd was reflected in the results. For the sticks oriented vertically, as more layers of sticks were added, the distance the pendulum needed to break though increased. This shows a linear increase in fracture energy, corresponding to the equation nE=F(nd), where ‘n’ is the number of sticks and ‘nd’ is the total distance the pendulum had to break through. For the sticks oriented horizontally, as more layers of sticks were added on top of each other, the amount of force need to break the sticks increased. If the sticks are thought of as slices of a block of wood, more slices of wood correspond to more force needed to break them. Again, this shows a linear increase in fracture energy, analogous to nE=(nF)d. This relationship held up in the experiment, although it was originally hypothesized that layering would have an effect. While in the horizontal orientation, layering would not have an influence because the pendulum is hitting each stick individually.  In the vertical orientation, breaking a stick of wood would be more difficult if it was reinforced by the stick behind it. This train of thought was incorrect for the experiment because since the sticks were clamped together tightly, they behaved as one block of wood and not as individual sticks.


Standard deviation in fracture energy was substantial. This is a result of the inherent differences in the wood’s make-up, e.g. nicks, geometries, dents. Great care was taken to select non-deformed wood, but unseen differences in the processing of the wood were unavoidable. Also, as layers of sticks increased, standard deviation also increased. This is because as the volume of the total amount of wood being tested increases, the amount of variation in the wood also increases.

Conditions:
When the environmental conditions of the sticks were varied, both in temperature and soaking trials, density was determined to be the independent variable that caused the fracture energy of wood to change. The density of the wooden sticks changed when temperature was decreased, and when they were submerged in water.  
During the soaking trials, while the sticks were submerged in water, they absorbed more and more water as time continued, increasing their density.  The independent variable could not be measured as soaking time because of absorption inconsistencies between sticks.  As seen in the group soaked for 24 hours, whose densities ranged from 0.77 to 0.92 g/cm3, a constant soaking time did not produce a set with constant densities.  Doing calculations with soaking times would have hidden the variable of density.  The difference occurred for many reasons, mainly that each stick has different grain sizes and grain angles.  A wooden stick with large grains will have more free space because larger grains do not fit as tightly together as small grains do.  Therefore, these sticks will be able to absorb more water because there is more space for H2O molecules between the grain boundaries.  In addition, a stick whose grains intersect each other at high angles will be less dense than ones with small grain angles.  Smaller grain angles minimize the free space between grain boundaries, thus minimizing the possible amount of water intake.  Therefore, density after soaking is a better source of fracture energy differences because for equal dimensions, sticks will never absorb exactly the same amount of water or have the same density.  Sticks that absorbed more water exhibited higher fracture energies because the soaking made them more flexible.  They were less brittle and could plastically deform before clean fracture.  Dry sticks break more easily because the wood splinters easily and the grains can be torn apart more easily by the pendulum.  When water gets in between the grains in a wooden stick, they cause the grains to elastically stick together more because of water molecules’ adhesive nature and secondary bonds that the hydrogen and oxygen form with the grain boundaries and with other water molecules.  These bonds must break before the stick breaks during pendulum impact testing.  Therefore these extra bonds can help to absorb a lot of the energy of fracture, increasing the stick’s total fracture energy.  The elasticity of these bonds may account for the increased flexibility of soaked sticks.  

During temperature testing, wood subjected to the refrigerator had statistically higher (p<0.05) fracture energies than dry wood, but wood subjected to the freezer exhibited no statistical difference (p>0.05) from refrigerator and room temperature (control).  Therefore, no correlation could be found between a decrease in temperature and fracture energy.  However, the mean density of the sticks in the freezer was statistically lower than the density of the room temperature sticks.  Even in the dry sticks, there are water molecules in the grains of the wood.  When the sticks are placed in the freezer (-13°C), the water molecules freeze and evaporate.  The dry atmosphere in the freezer allows for some of the water originally in the stick to evaporate, decreasing the mass of the stick and thus the density as well.  When freezing occurs, water expands, which pushes the grains farther apart creating more free space in addition to increasing the amount of space taken up by a form of water.  As a result, the stick loses mass from evaporation and gains volume from freezing, thus decreasing the density.  The density of sticks at refrigerated temperatures was not significantly different (p>0.05) from the density of room temperature sticks.  There is no statistical difference here most likely because, even though the water molecules expanded to minute degree, they did not actually freeze so the density difference was too small to be noticeable.  In addition, the refrigerator is not as dry as the freezer so that less evaporation occurred.  Some error may have resulted from the fact that pendulum testing was performed at room temperature rather than at freezer temperature.  Wood loses and gains heat very quickly, and it is possible that the sticks may have drifted towards room temperature while they were taken out of the refrigerator or freezer and loaded into the pendulum apparatus.  This would cause the density of the stick to increase as water melts, increasing the fracture energy. However, this would have been a source of error for both freezer and refrigerator trials so the error was consistent between the two conditions, making the effects miniscule.  

When comparing temperature trials to soaking trials, the sticks used in soaking had much higher fracture energies than the sticks used in temperature trials.  This is not surprising because during soaking, sticks gained mass without greatly changing volume, increasing their density, while the temperature sticks lost density as the preexisting water molecules expanded during freezing and mass was lost during evaporation.  Because a higher density tended to increase a stick’s fracture energy, it is not surprising that the soaked sticks exhibited higher fracture energies.  

At the onset of this experiment, it was hoped that some difference would be revealed in the fracture energies of sticks set up in different geometries or subjected to different conditions. Such a discovery could have implications on things like helmet construction even though wood is a very different material than what is normally used to make a helmet.  Despite the fact that there was no conclusion drawn which would be directly applicable to the construction of safety gear, conclusions made in this lab do point to an important consideration in the construction of safety gear or any other material meant to withstand impact.  Wood varies greatly from tree to tree, and once processing is introduced, those variations only grow larger. This was supported in the lab as revealed by the cone shape apparent in both graphs where density was compared to fracture energy after subjecting the wood to a set of conditions.  The application of this is such: any material considered for use in an impact-receiving device must have constant properties even if subjected to variations—such a cone shape must not occur.  The energy to fracture of such a material cannot change if it is, say, left out in the rain as might happen to a bike helmet.  Materials used in such devices must be tested not only for their material properties in different configurations, but in different conditions to ensure they will function properly in conditions besides those in the lab.  
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FIGURE 2:  Increasing density did not appear to alter the lowest fracture energy observed, only the highest fracture energy observed.





�FIGURE 3: Both density and fracture energy varied greatly in each group.    








