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[bookmark: _Toc67167699]Introduction

[image: Steps to Analyzing a Material's Properties From Its Stress/Strain Curve]This report investigates creep strain rate in plastics, specifically Polypropylene. An experiment will be conducted featuring samples of Polypropylene which will be exposed to continuous stress over a period of time. The experiment will also consider a variable of temperature. The extension of the samples will be measured over time, to calculate the strain, which will be plotted against time to calculate the creep strain rate. To fully understand creep, some material properties must be understood.

Figure 1 shows a stress strain curve. The yield point of a material is the point in which a material starts to deform plasticly. The slope before the yield point represents the elastic region of the material. In this region the material doesn’t undergo any permanent damage. The gradient of this slope () is known as the Youngs modulus. The Ultimate tensile strength is the ultimate stress the material can withstand before necking occurs. Once necking occurs the material starts to yield and the strain is increased until fracture.  [bookmark: _Toc67167721]Figure 1 - Annotated stress - strain curve (Figari, 2015)


[image: Mechanical Behavior of Polymers | MATSE 81: Materials In Today's World]Polypropylene is a plastic polymer material. A polymer is a chain made up of molecules called monomers. Monomers usually consist of hydrocarbons, and are chemically bonded together to form polymer chains. (American Chemistry, 2020)  
Natural variations in material properties occur due to the size and orientation of these polymer chains. We can sort polymers into 3 categories; Brittle (e.g. a Biro), Plastics (e.g. Shopping bag) and Elastomers (e.g. Elastic band). The red curve in Figure 2 represents a brittle polymer. As strain () is a measure of extension over original length ()  we can deduct from the graph that brittle plastics do not exhibit much deformation and will fracture under stress. The green curve represents elastomers. Elastomers undergo a lot of strain, with relatively low stress and are able to stretch more. (Dutton, 2020)
The blue line represents Plastic polymers, which this study will focus on, specifically Thermoplastics. It shows that plastic polymers reach a point in which the stress causes the material to deform and finally fracture. Although this is true, Stress/Strain graphs do not account for time or temperature, which are key factors of Viscoelastic behaviour. [bookmark: _Toc67167722]Figure 2- Stress - Strain behaviour of Polymers (Dutton, 2020)

[image: Diagram

Description automatically generated]Viscoelasticity is unique to thermoplastics because of the structure of the polymer molecules. (Jansen, 2015) It depicts how a material acts at a molecular level. A thermoplastic material, such as Polypropylene can react viscous and snap if a force is applied quickly, or elastic if a force is applied slowly, making it generally considered to be tough material. (Creative mechanisms, 2016) This is due to how the polymer chains align and untangle. The polymer chains overcome forces such and Van der Waals and hydrogen bonding to slide over each other. If the force is sudden the chains will not have time to slide over each other and will snap. This is why a material can have multiple properties at different rates of strain. At higher temperatures there is increased kinetic energy in the material, and more free volume between these polymer chains, which allows them to disentangle quicker, increasing the rate of strain . This is why temperature can have great effects on the behaviour of some materials. (Jansen, 2015)
Figure 3 represents a classic creep curve. It represents how materials usually act under a constant stress over extended periods of time. An instantaneous strain occurs when stress is applied. The strain grows at a decreasing rate, known as the primary phase,  until it stables at a steady increase. This is know as secondary creep. The final, tertiary phase has accelerated creep rate before ending in a rupture. Ruptures usually occur from material necking, or grain boundary voids. The strain creep rate is focuses around the minimum strain rate, which occurs during the secondary creep stage. This is where the sample exhibits a steady, predictable increase in strain.  (Academic Resource Center, 2020) Creep can lead to failure and cracks, but it can also cause a part to fail by it deforming too much. An example of this could be on a wind turbine blade. The blade is under constant stress when rotating, and if the blade were to deform too much it could make contact with another part of the structure. This is why it is important to consider creep in the design stage to prevent failures. (Craftech Industries, 2021)[bookmark: _Toc67167723]Figure 3- Classic creep curve (Academic Resource Center, 2020)
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[bookmark: _Toc67167701]Equipment used

· Scissors
· 30cm ruler
· Coat hanger
· Double sided tape
· Pen
· Kitchen scales
· Steel Toecap shoe (Mass)
· Water bottle (Mass)
· Phone timer
· Cardboard cut-out template

[bookmark: _Toc67167702]Experiment set up

In order to create a feasible experiment and gain suitable results, a few tests were performed to find the ideal stress which would generate reasonable strain rates for measuring. The basic set up consisted of hanging samples off a coat hanger and attaching a mass in the form of a shoe, with a fillable water bottle inside to add or subtract mass. 

   

Stress can be increased by increasing the force, or reducing the area. To reduce damage to the wardrobe a maximum mass of 1kg was set.

[image: A hand holding a measuring tape

Description automatically generated with medium confidence]9 samples were cut, 3 with the test area width of 25mm and 3 samples with test area widths of 15mm and 3 with test area widths of 10mm. A mass of 800g was suspended from the samples and the extension was observed. The sample with the width 25mm showed the smallest extension over time. The samples 10mm wide all snapped under the initial load. To reduce experiment running time, the diameter of 15mm was selected and multiple samples were cut using a template.
[image: Letter

Description automatically generated with low confidence][bookmark: _Toc67167724]Figure 4- Test area of 25mm cut and measured
[bookmark: _Toc67167725]Figure 5- Results from 1kg mass showed minimal extension (Original length 100mm).



Furthermore, different masses were trialled and hung from five 15mm wide samples. Due to the inaccuracy of scales being used it was difficult to accurately measure small increments of mass. Masses of 800g, 850g, 900g, and 1kg were trialled and produced varying results. The samples exposed to stress from the suspension of the 1kg mass snapped underload. The samples with 900g suspended from it stretched past 30cm instantaneously, making it unsuitable to measure to measure creep. The sample with mass of 800g and 850g withstood the strain for over a week and the experiment was cut short, with respect to deadlines. The mass of 850g was chosen as it could produce reasonable, steady results in a smaller time frame, from which a rate of creep can be measured. It was decided the sample would be measure every hour for 14hrs, as this allowed for an acceptable data range of the secondary creep.

[image: A picture containing several

Description automatically generated][image: A picture containing indoor, wall, floor, kitchen appliance

Description automatically generated][image: A picture containing person, wall, indoor, person

Description automatically generated][bookmark: _Toc67167726]Figure 6- 9 samples with identical test areas of 80x15mm
[bookmark: _Toc67167727]Figure 7- Shoe and water bottle on scale.
[bookmark: _Toc67167728]Figure 8 - Sample exceeding size of ruler when exposed to stress of 900g sample.



In the experiment, the extension of the sample is measured and used with along with the original sample length to give a value for strain. 



The strain plotted against time can give us the creep rate of the material. 


The stress applied is given by the force (N) over the cross sectional area (m2).



Stress has the units N/m2. 	1N/m2 = 1Pa		1N/mm2 = 1MPa

Newton’s law states that: 	  (Hall, 2021)

The mass applied to the sample = 850g and is subject to gravitational pull (9.81m/s2)



The Cross sectional area of the sample is equal to: 0
					
					



When the mass is increased, the force is increased and therefore the stress is increased. 

The Young’s Modulus, or Modulus of elasticity (E) as its otherwise known, is a numerical value that describes the elastic behaviour of a solid, under either compression or tension in a single direction. It describes a how the material withstands changes in length from an applied force. (Britannica, 2019)
The Young’s Modulus is given by the stress/strain:

 

The Young’s Modulus is only applicable when a material is obeying Hooke’s Law and will return back to its original shape when stress is relieved. If stress and strain become unproportionate, the material undergoes permanent deformation and does not obey Hooke’s law. (Britannica, 2019)  

[bookmark: _Toc67167703]Methodology

· [image: A ruler on a white surface

Description automatically generated with medium confidence]A Polyethene Sainsburys bag was cut into a flat sheet. 6 Samples with test areas measuring 15mm wide and 30mm in length were cut using scissors. The width measured with a ruler, and a 80mm section was marked up using a pen.
[image: A picture containing text, measuring stick, indoor

Description automatically generated]
[bookmark: _Toc67167729]Figure 9-80mm test area marked out using ruler and pen.
[bookmark: _Toc67167730]Figure 10- Template measured and cut 15mm across.




· [image: A picture containing person, indoor, measuring stick, hand

Description automatically generated]To measure the thickness of the material, a sample was folded 6 times (32 layers) and flattened out by hand. The thickness was measure at approx. 2mm, making each layer approx. 0.0625mm.   (2mm/32 = 0.0625mm)[bookmark: _Toc67167731]Figure 11- Polypropylene folded 8 times (32 layers) measured using a ruler at 2mm.





[image: A picture containing indoor, floor

Description automatically generated][bookmark: _Toc67167732]Figure 12- Shoe, water bottle and pen on weighing scales.





· A steel toe cap shoe, a pen and a water bottle topped up with water were weighed simultaneously using a kitchen scale, at approximately 850g.











· With the use of double sided sticky tape, the samples are attached to a coat hanger. 
[image: A picture containing wall, indoor

Description automatically generated][bookmark: _Toc67167733]Figure 13- Simple experiment set up test, sample hanging in wardrobe under load.

· The other end of the sample was wrapped around the pen, from which the shoe can be hung.



· A ruler was attached to the rig to allow quicker, easier measuring of the extension.


[image: A picture containing wall, indoor, toilet

Description automatically generated][bookmark: _Toc67167734]Figure 14 - Ruler attached to rig to allow more convenient measuring.


· 3 samples were hung in a domestic wardrobe, with a temperature assumed at 18.  The wardrobe acted as a controlled environment shielding the samples from external influences such as sunlight or wind.
[image: A picture containing wall, indoor

Description automatically generated]
[bookmark: _Toc67167735]Figure 15- Test sample hanging in wardrobe. Ruler was aligned with sample test area when taking measurements.


[image: ]

· 3 samples were hung in a sheltered garage outside. The garage is shielded from wind and direct sunlight. The temperature was assumed at approx. 4 according to the met office. (Met Office, 2021)
 


· Each Sample was measured using a ruler at time intervals of 1 hour for 14hrs. 

· The extension was used to calculate the strain over time, which can be used to find the creep strain rate.

[bookmark: _Toc67167736]Figure 16- Test sample hanging in Garage.






[bookmark: _Toc67167704]Results and Analysis of Results
 The strain is calculated by dividing the extension by the original length. Strain has no units but can be expressed as a percentage (%).
  

The strain is plotted against time to show the creep rate. A line of best fit was applied to the results within the secondary creep, the gradient of the line of best fit was measured to give the creep rate. 













3 Samples were kept in the wardrobe with the heating on for 2hrs before hanging to ensure they were at room temperature (18C)

[bookmark: _Toc67167705]Wardrobe (18C) sample 1 

[bookmark: _Toc67167804][image: Chart, line chart

Description automatically generated][image: ]Table 1- Results from sample 1 (Wardrobe)[bookmark: _Toc67167737]Figure 17 - Graph to show creep rate of material sample 1. Blue lines used to separate primary and secondary creep


[image: Chart, line chart

Description automatically generated] The creep strain rate is 0.0196%/hours[bookmark: _Toc67167738]Figure 18- A line of best fit was applied to the secondary creep. The gradient is shown at 0.0196%/hour

[bookmark: _Toc67167706]Wardrobe (18C) sample 2

[bookmark: _Toc67167805][image: ]Table 2 - Results from Sample 2 (Wardrobe)
[bookmark: _Toc67159144][bookmark: _Toc67167707][image: Chart, line chart

Description automatically generated][bookmark: _Toc67167739]Figure 19-Graph to show creep rate of material sample 2. Blue lines used to separate primary and secondary creep.
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 [bookmark: _Toc67167740]Figure 20 - Sample under load in wardrobe.
[bookmark: _Toc67167741]Figure 21- A line of best fit was applied to the secondary creep. The gradient, which gives the rate of creep was 0.0264%/hour



The rate of creep for sample 2 is 0.0264%/hour.



[bookmark: _Toc67167708]Wardrobe (18C) sample 3 

[bookmark: _Toc67167806][image: Chart, line chart

Description automatically generated][image: ]Table 3- Results from sample 3 (Wardrobe)[bookmark: _Toc67167742]Figure 22- Graph to show creep rate of material sample 2. Blue lines used to separate primary and secondary creep.




The creep strain rate for sample 3 was 0.0266%/hour


[image: Chart, line chart

Description automatically generated]













[bookmark: _Toc67167743]Figure 23- A line of best fit was applied to the secondary creep. The gradient, which gives the rate of creep was 0.0266%/hour








3 Samples were kept outside in a garage for 3hrs to ensure the samples had acclimatised to the outside temperature. (4C)
[image: Chart, line chart

Description automatically generated]
[bookmark: _Toc67167709][image: ]Garage (4C) Sample 1[bookmark: _Toc67167744]Figure 24- Graph to show creep rate of material sample 1. Blue lines used to separate primary and secondary creep.

[bookmark: _Toc67167807]Table 4- Results from sample 1 (Garage)



 [bookmark: _Toc67167745]Figure 25 - A line of best fit was added to the secondary creep phase. Creep strain rate was measured at 0.0122%/hour


[image: Chart, line chart

Description automatically generated]The creep strain rate was measured at 0.0122%/hour


[bookmark: _Toc67167710]Garage (4C) Sample 2
[bookmark: _Toc67159148][bookmark: _Toc67167711][image: Chart, line chart

Description automatically generated][bookmark: _Toc67167808]Table 5  -Results from sample 2 (Garage)
[bookmark: _Toc67167746]Figure 26-Graph to show creep rate of material sample 2. Blue lines used to separate primary and secondary creep

[bookmark: _Toc67167712][image: ][image: Chart, line chart

Description automatically generated]
 Garage (4C) Sample 3The Creep strain rate was measured at 0.0115%/hour
[bookmark: _Toc67167747]Figure 27- A line of best fit was added to the secondary creep phase. Creep strain rate was measured at 0.0115%/hour

[image: Chart, line chart

Description automatically generated][bookmark: _Toc67167748]Figure 28- Graph to show creep rate of material sample 3. Blue lines used to separate primary and secondary creep.
[bookmark: _Toc67167809]Table 6- Results from sample 3 (Garage)

[image: ]

[bookmark: _Toc67167713][image: Chart, line chart

Description automatically generated]
The creep strain rate was measured at 0.0141%/hour
[bookmark: _Toc67167749]Figure 29 - A line of best fit was added to the secondary creep phase. Creep strain rate was measured at 0.0141%/hour

[bookmark: _Toc67167714]Analysis of results

The Creep strain rates measured for the samples placed in the Wardrobe are as follows:

	Wardrobe sample Creep strain rates

	0.0196%/hour

	0.0264%/hour

	0.0266%/hour


[bookmark: _Toc67167810]Table 7 - Results from Wardrobe samples.




The mean value for creep strain rate of the polypropylene samples at 18C can be worked as follows:




The standard deviation measures the spread of results and can be calculated as follows:


[bookmark: _Toc67167750]Figure 30- Standard deviation formula (Maths is fun, 2017)
The mean is subtracted from each result and the answer is squared. The mean of these squared values is calculated and the square root is taken to provide a value for the standard deviation ().









There is a standard deviation of %/hour from the 3 wardrobe samples. 







The Creep strain rates measured for the samples placed in the Garage are as follows:

[bookmark: _Toc67167811]Table 8 - Results from garage samples
	Garage sample Creep strain rates

	0.0122%/hour

	0.0115%/hour

	0.0141%/hour






The mean value for creep strain rate of the polypropylene samples at 4C can be worked as follows:




The standard deviation measures the spread of results and can be calculated as follows:











There is a standard deviation of %/hour from the 3 garage samples. 














[bookmark: _Toc67167715]Analysis of experimental inaccuracy and cost/quality trade-off.

The experiment produced varying results. Variation is natural, but some variation can be caused by experimental inaccuracies. There are many factors which can influence the experiment results. 

Due to availability, a wardrobe and garage were selected as controlled environments. Both locations were out of direct sunlight and wind, but are not ideal scenarios. A controlled environment should have a stable temperature, and ensure external factors cannot affect the experiment. 

The samples were measured visually using a ruler. The ruler is only 300mm long and accurate to 1mm. As the experiment focused around the minimum strain rate of the material a larger and more precise measuring device would have been more appropriate.  To measure the thickness of the sample it was folded 8 times. To improve this a micrometre should be used to get a proper reading for just 1 single later. Scissors were used to cut along lines drawn out. Inaccuracies can occur via human error measuring, marking and cutting the samples. The scissor created unwanted sharp geometries due to the nature of how they cut. These sharp geometries can create areas of concentrated stress from which cracks form. (Polymer Database, 2021) 
Furthermore, having to align the ruler with the marked points on the sample caused inconsistencies via human error, and in order to carry out these measurements the sample had to be interfered with, creating an unwanted variable which could of affected the results. It also made it hard to ensure the sample was measured at exactly the right time.
The masses were weighed using kitchen scales. The weighing scales are barely accurate to 10g and were only used as they were the only option available. 

 In an ideal scenario, over 10 samples per temperature should be used to create a broader data range. The samples should be manufactured to be identical. This could be done using a cutting press with identical templates. More accurate scales, such as digital scales accurate to 1g should be used The tests should also take place over a much longer time period. Creep test are done to reveal how a material under stress acts after extended periods of time, so a longer time period would provide a better range of data. They should be hung inside temperature controlled tanks allowing for the mass to be hung without interference. A metre rule would be positioned behind the rig, with a camera set up in a fixed, calibrated position. As the ruler and camera would be fixed there shouldn’t be variation caused eliminating the human error. In addition, the camera could be set on video, with a timer to take pictures of the sample at each time step. Having the sample on video would also allow for failure to be measured and documented. In the current experiment, the moment of failure wasn’t captured as it was impossible to predict when it would occur. It was also impossible to measure as the sample would usually fail before the ruler could be aligned. 


 

[bookmark: _Toc67167716]Discussion

	
	Wardrobe Samples (18C)
	Garage Samples (4C)

	Mean Creep Strain Rate
	
	

	Standard derivation 
	 %/hour
	 %/hour


[bookmark: _Toc67167812]Table 9 - Comparison of Mean and Standard Deviation at different temperatures.

[image: A picture containing orange

Description automatically generated]Table 9 shows that an increase in temperature produces an increase in the average creep strain rate of the samples. This supports the established theory that the polymer chains will disentangle quicker at higher temperatures. Table 9 also shows standard deviation is higher at higher temperatures. This is due to the fact there is a larger change in strain occurring in the samples. Only 3 samples per temperature were used to gauge the results. This isn’t good range of data. To improve the experiment at least 10 samples should be used at each temperature range, to account for outliers and variation. The increments of extension on the samples in lower temperatures were minimal. The results would have been improved more accurate if a more precise device was used to measure the strain, or allowing more time to elapse between measurements.[bookmark: _Toc67167751]Figure 31- Sample underload showing signs of necking and concentrated areas of stress.

The stress applied is below the yield strength of the material, the initial strain is elastic behaviour, obeying Hooke’s law. Over time or under influence of temperature, the young’s modulus starts to decay and the material sees increased strain and stress fracture even if the initial stress is under the materials yield strength.
Signs of necking can be seen on a sample under load in Figure 31.

[bookmark: _Toc67167717]Conclusion

To conclude, the results produced seemed to follow a classic creep curve, showing a phase of primary creep before decelerating to a steady increased rate of strain. This steady, predictable rate of strain known as secondary creep is what this experiment looked to measure. There is variation in the results but this can be put down to natural variation in material properties as well as experimental inaccuracies. The mean of the results also shows a reduced rate of strain in lower temperatures. This supports the established theory that creep occurs at a higher rate in higher temperatures. The results produced an adequate representation of strain across the samples increasing over time and even more so with increased temperature. But due to experimental inaccuracies and a small range of data the exact figures are probably not accurate. 
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Table 10- Spreadsheet and formulas used to calculate strain.
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