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Abstract

:

Rigid polyurethane (PUR) foam is products used as a biomedical material for medical device testing. Thermal stability is a very important parameter for evaluating the feasibility of use for testing surgical instrument load during drilling. This work aimed to perform experimental measurements to determine the dependence of the mechanical properties of a certified PUR on temperature, strain rate and density. Experimental measurements were realised for three types of the PUR samples with different density 10, 25 and 40 pounds per cubic foot. The samples were characterised in terms of their mechanical properties evaluated from tensile and compression tests at temperatures of 25 °C, 90 °C and 155 °C. Furthermore, the structures of the samples were characterised using optical microscope, their thermal properties were characterised by thermogravimetric analysis, and their density and stiffness with the effect of temperature was monitored. The results show that it is optimal not only for mechanical testing but also for testing surgical instruments that generate heat during machining. On the basis of experimental measurements and evaluations of the obtained values, the tested materials are suitable for mechanical testing of medical devices. At the same time, this material is also suitable for testing surgical instruments that generate heat during machining.
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1. Introduction


Rigid polyurethane (PUR) foam is one of the most popular products among polymeric foams used for biomedical applications [1,2,3]. PUR is a thermoset produced by polyaddition polymerization of diisocyanates and polyols [4]. They are crosslinked polymers completed with specific additives according to the final use of the polymer, i.e., pigments, fillers (calcium carbonate, aluminium hydroxide, silica, kaolin, etc.), flame retardants and foam stabiliser [5,6]. Thermal stability of PUR depends on the type of urethane group. It is in the range from 120 to 250 °C. The glass transition temperature for these materials is around 77–116 °C [7].



Solid PUR foam (Sawbones, USA) that provides a uniform structure with only   ± 10  % variation in density according to standard ASTM F-1839-08 is, in practice, used as a standard certified material for testing orthopaedic devices and instruments and, therefore, was used in the present study. The material properties of PUR foam are similar to those of human bone [8,9], and it is an alternative material to human cadaver bone for testing and demonstrating orthopaedic implants, instruments and instrumentation [10,11,12]. The use of PUR foam as an artificial biomedical material for testing of medical devices is advantageous from ethical, hygienic and processing perspectives. Manufacturers of tools used in operations such as drills, cutters, saws and saw blades also use this specific material for experimental wear testing of these tools and for verifying their service life. A critical factor that is generated during machining is a large amount of heat, which, however, fundamentally degrades bone tissue. In clinical practice, the degradation of bone tissue by heat generated during the drilling of holes in the bone in preparation holes for bone screws or implants is a research topic of great interest [13,14,15]. Heat damage to bone tissue affects healing and implant fixation into bone and, in extreme cases, can lead to medical device loosening. Thus, surgical instrument manufacturers are constantly developing new tools using structural materials in conjunction with special cutting edge geometries and special coatings with a single goal: reducing the amount of heat generated during drilling. The wear rate, damage and lifetime of all of these tools are subsequently tested using PUR foam.



The mechanical properties of polymeric materials are well known to be substantially affected by their temperature [16,17] and strain rate [18,19,20]. Concerning their wide range of applications and knowledge of their weaknesses, the mechanical properties of PUR foam have been a subject of continuous research because its poor mechanical properties limit its practice use. A literature review reveals that PUR foam has been tested by thermogravimetric analysis (TGA) [16,17,21,22] and that its mechanical properties in tension [23,24,25], compression [9,26,27,28,29] and fatigue [30] have been determined. However, the mechanical properties of PUR foam have not yet been analysed with respect to their dependence on temperature, strain rate and density. Therefore, the testing of surgical drills and rigid milling cutters for PUR foam certified according to ASTM F-1839-08 has not been objectively proven to not yield distorted results that differ from experimental measurements, possibly leading to incorrect conclusions.



In the present work, we carried out experimental measurements with the objective of determining how the mechanical properties of PUR foam vary with temperature, strain rate and density. The subject of testing was PUR foams with densities of 10, 25 and 40 PCFs (pounds per cubic foot). PUR foams with densities 5–8 PCF correspond to synthetic thoracic vertebrae (spongious bone) [31]. A density of about 20 PCF can be found for the femur (spongious bone), and a density of 40 PCF is generelly close to the cortial bone [32]. Furthermore, the objective was to verify experimentally the thermal stability of rigid polyurethane foam in the temperature range corresponding to the temperature load during drilling and to verify the feasibility of using PUR foam for testing surgical instruments for clinical use. PUR foam is used to test the wear of cutting tools. However, heat is generated during machining, which can change the PUR foam’s mechanical properties and thus reduce the wear rate of the tested cutting tools. The change in the PUR foam’s mechanical properties due to heat action can affect the validity of the experimental tests performed in this way. The mechanical properties of samples were characterised using tensile and compression tests, their structure was characterised by digital optical microscopy and their thermal properties were characterised by TGA. Manufacturers of surgical instruments develop a new design for tool cutting geometry using finite element method (FEM). The key to their implementation is a detailed knowledge of PUR foam’s material parameters depending on the temperature, density and strain rate. The outputs of the performed experimental measurements can be therefore used as inputs for numerical simulations.




2. Materials and Methods


2.1. Materials


Standardised rigid polyurethane (PUR) foam blocks (Sawbones Europe AB, Malmö, SWE) with uniform structure and   ± 10  % variation in density were used for all analyses. The closed-cell foam conformed to standard ASTM F-1839-08. The density of the used PUR foam was in full accordance with standard ASTM D1622-08. Experimental measurements were carried out on three different densities of PUR foams—10, 25 and 40 PCF (pounds per cubic foot); the physical properties of the materials used in the experiments are described in Table 1. The samples were stored in a desiccator containing silica gel to prevent moisture absorption, which could affect subsequent testing. The test material was stored for a long time at a constant temperature of 22 °C and relative humidity of 40%.




2.2. Surface Roughness Measurement


To determine the roughness of the analysed samples, optical imaging measurements were performed using a VHX-6000 digital microscope (Keyence, Osaka, Japan). This device used optical triangulation and has a resolution of approximately 1 µm. The surface roughness parameters were determined according to ISO 25178. Six samples were analyzed for each PUR foam density, with one unmachined area on each. For each surface, estimates were derived from three scan repetitions, which were used to estimate the surface roughness (maximum height   S z  , arithmetical mean height   S a   and root mean square height   S q  ). The dimensions of the analysed PUR foam samples with different densities (10, 25 and 40 PCF) were 15 × 15 × 5 mm.




2.3. Thermogravimetric Analysis


Thermal decomposition of PUR foams was determined using an STA 504 thermal analyser (TA Instruments, Wetzlar, Germany). This method was used for real-time measurements of weight loss of the examined materials as a function of temperature. Measurements were performed under a nitrogen atmosphere at a heating rate of 20 °C/min in the temperature range 20–460 °C. The producer guarantees the quality standard of all PUR foam; therefore, the TGA analysis was performed on only one sample. Samples were cut into small rectangular pieces weighing approximately 5–10 mg using a sharp razor blade. Before experimental measurements, samples were conditioned for 24 h at a constant temperature of 22 °C and relative humidity of 40%.




2.4. Tension Tests


Tensile tests were performed on an ElectroPuls E10000 electric test instrument (Instron, High Wycombe, UK) designed for dynamic and static testing and equipped with a heating chamber and video extensometer (Figure 1a,b). Seven samples with dimensions of 20 × 80 × 5 mm were tested for each density group of the analysed PUR foam. Specimens were loaded quasi-statically until failure under two different strain rates,   v = 4.5   and 45 mm/min, and at three different temperatures: 25 °C, 90 °C and 155 °C. Before the start of the test, all samples were conditioned in heating chamber for 5 min at the temperature at which the experimental tests were carried out. The samples were clamped in flat jaws, and the free sample length was 50 mm. Two markers were placed on the sample for measuring axial deformation at a distance of 30 mm. Deformation characteristics were measured using a video extensometer to detect the change of the marker position in the axial directions. Load–displacement data were recorded with a frequency of 10 Hz during the experiment. Tensile modulus was defined as the slope of the straight-line portion of a stress–strain curve. The tensile strength of the material was defined as the maximum amount of tensile stress that it could withstand before failure.




2.5. Compression Tests


Compression tests were performed on an ElectroPuls E10000 electric test instrument (Instron, High Wycombe, UK) equipped with a heating chamber Figure 1c. Seven samples with dimensions of 10 × 10 × 15 mm were tested for each group of analysed PUR foam. Specimens were loaded quasi-statically to a maximum compression force of 7 kN under two different strain rates,   v = 4.5   and 45 mm/min, and for three different temperatures: 25 °C, 90 °C and 155 °C. Before the start of the test, all samples were conditioned in a heating chamber for 5 min at the temperature at which the experimental tests were carried out. Specimen displacements were recorded from the crosshead movement. Load–displacement data were recorded with a frequency of 10 Hz during the experiment. The compressive modulus was defined as the slope of the straight-line portion of the stress–strain curve. Compressive strength was defined as the maximum stress a material could withstand under crush loading.





3. Results


3.1. Surface Roughness Measurement


From the experimental measurements, the three physical surface roughness parameters were analysed.   S z   is defined as the sum of the largest peak height values and the largest pit depth value within a defined area.   S a   is defined as the extension of the arithmetical mean height of a line to a surface. This parameter is generally used to evaluate surface roughness and is defined as


   S a  =  1 A     ∫   ∫     | Z  ( x , y )  |   d x d y .  



(1)




  S q   represents the root mean square value of ordinate values within the definition area. It is equivalent to the standard deviation of heights defined as


   S q  =    1 A     ∫   ∫     Z 2   ( x , y )   d x d y   .  



(2)







The experimentally measured surface roughness parameters are given in Table 2. The highest value of all parameters was set for the sample with the lowest density, PCF 10 (   S a  = 0.093   mm,    S z  = 0.933   mm and    S q  = 0.115   mm). The lowest value of all parameters was set for the sample with the highest density, PCF 40 (   S a  = 0.048   mm,    S z  = 0.647   mm and    S q  = 0.063   mm). Surface roughness is clearly strongly dependent on the sample density and volume fraction.



The results corresponded to the theoretical idea: samples with the lowest density exhibited the worst quality of surface because content pores in their structure [33]. The results of the measured roughnesses also have an effect on the results of the mechanical properties. The higher the value of roughness, the easier it was to material manufacture, the lower the thermal load during the drilling process and the less thermally stressed the material. Of course, the material also showed lower strength, so the results of mechanical testing were worse for material with density PFC 10.



The results correlate with the observation that, with increasing density of the samples, their surface roughness decreases. The PFC 10 samples contain larger pores in their structure than the PFC 40 sample (see Figure 2). This effect strongly influences their mechanical properties. Samples with a higher density appear more compatible; better mechanical testing is therefore expected.




3.2. Thermogravimetric Analysis


The thermal properties of the analysed PUR foams were characterised by TGA. The TGA results in the form of percentage weight loss as a function of temperature are plotted in Figure 3. The value of weight loss at the analysis temperatures is presented in Table 3.



The weight losses at 25, 90 and 155 °C were subtracted from the thermogravimetric (TG) records (see Figure 3) because these temperatures were used as a reference during mechanical testing. The weight loss of all analysed materials is on the order of 0.1 wt% in the temperature interval from 25 °C to 155 °C. The greatest weight loss was observed for PUR foam with density PCF 25 at 155 °C (0.855 wt%), and the lowest value of weight loss was found for the sample with density PCF 40 at 155 °C (0.008 wt%). The weight loss for the sample with density PCF 10 at 155 °C was 0.009 wt%. The same trends were identified for other measurements at 25 °C and 90 °C.




3.3. Tension Tests


The most common parameter describing technical materials in the linear region is Young’s modulus of elasticity. However, this parameter is insufficient to describe the mechanical properties of nonlinear materials such as PUR foam. A suitable way to describe nonlinear material is a complete description of the stress–strain dependence. These values can also be used as input parameters for finite element analyses (FEA). Figure 4 shows the stress–strain curves of the PUR foams under different environmental conditions. The values of the tensile modulus and tensile strength for all analysed PUR foams with different density, two strain rates (4.5 and 45 mm/min) and three temperatures (25 °C, 90 °C and 155 °C) are given in Table 4. The results of the experimental measurements were evaluated with a focus on the influence of temperature and strain rate of the tested samples.



From the results of the measurements at a strain rate of 4.5 mm/min, the tensile modulus and tensile strength decrease with increasing temperature in all tested PUR foam samples. The tensile modulus for the PUR foam with density PCF 10 decreases from 79.18 MPa at 25 °C up to 1.66 MPa at 155 °C. For the PUR foam with density PCF 25, the tensile modulus decreases from 297.37 MPa at 25 °C to 12.34 MPa at 155 °C. For PUR foam with density PCF 40, the tensile modulus decreases from 500.69 MPa at 25 °C to 17.02 MPa at 155 °C. A more detailed analysis of the results reveals that degradation of mechanical properties in the temperature range from 25 °C to 90 °C is relatively small for PCF 25 and PCF 40 (i.e., the tensile modulus for PCF 25 decreases by 6.1%, and that for PCF 40 decreases by 3.9%). When the temperature reaches 155 °C, the decrease of the tensile modulus drop is substantial (for PCF 25: 95.8%; for PCF 40: 97.0%). The mechanical properties of the PUR foam with density PCF 10 degrades almost linearly within the temperature range from 25 °C to 155 °C. The tensile strength values follow the same trend as the aforementioned tensile modulus values. Details of the tensile strength values are given in Table 4.



On the basis of the results of the experimental measurements presented in Table 4, even for a tenfold higher strain rate (45 mm/min), the behaviour of PUR foam at various temperatures is similar. The tensile modulus for PUR foam with density PCF 10 decreases from 86.25 MPa at 25 °C to 3.01 MPa at 155 °C. For the PUR foam with density PCF 25, the tensile modulus decreases from 309.06 MPa at 25 °C to 8.48 MPa at 155 °C. For PUR foam with density PCF 40, the tensile modulus decreases from 543.95 MPa at 25 °C up to 71.29 MPa at 155 °C. A more detailed analysis of the results reveals that degradation of mechanical properties in the temperature range from 25 °C to 90 °C is relatively small for PCF 25 and PCF 40 (the tensile modulus for PCF 25 decreases by 9.3%, and that for PCF 40 decreases by 6.8%). When the temperature reaches 155 °C, the decrease in tensile modulus is substantial (for PCF 25: 97.3%; for PCF 40: 86.9%). The PUR foam with density PCF 10 shows an almost linear degradation of mechanical properties within the temperature range from 25 °C to 155 °C. The tensile strength values follow the same trend as the aforementioned tensile modulus values. Detailed tensile strength values are given in Table 4.



The results of experimental measurements focusing on the strain rate reveal that, at temperatures ranging from 25 °C to 90 °C, the values of tensile modulus and tensile strength are almost identical in all analysed materials. Minor differences in the values of tensile modulus and tensile strength do not exceed the magnitude of the standard deviation; the tensile modulus and tensile strength can therefore be considered almost identical. The situation at the higher temperature of 155 °C is quite different: the values of tensile modulus and tensile strength of all tested materials increase with the increasing strain rate. At a strain rate of 45 mm/min, the tensile modulus value increases by 81.3% for PCF 10 and by 318.9% for PCF 40; however, for PCF 25, the tensile modulus decreases by 31.2%. The values of tensile strength at a strain rate of 45 mm/min are almost identical to those for a strain rate of 4.5 mm/min in all analysed materials. Minor differences in values of tensile strength do not exceed the magnitude of the standard deviation; the tensile strength values can therefore be considered almost identical.




3.4. Compression Tests


Figure 4 shows the mechanical behaviour of PUR foams, as obtained from stress–strain curves, under different environmental conditions. The values of the compressive modulus and compressive strength for all analysed PUR foams with different densities, as obtained at two strain rates (4.5 and 45 mm/min) and three temperatures (25 °C, 90 °C and 155 °C), are given in Table 5. The experimental measurements were evaluated with focus on the influence of temperature and strain rate on the properties of the tested samples.



The measurement results corresponding to a strain rate 4.5 mm/min clearly show that, with increasing temperature, the compressive modulus and compressive strength decrease in all of the tested PUR foam samples. The compressive modulus for the PUR foam with density PCF 10 decreases from 53.67 MPa at 25 °C to 0.94 MPa at 155 °C. For the PUR foam with density PCF 25, the compressive modulus decreases from 227.82 MPa at 25 °C to 6.38 MPa at 155 °C. For the PUR foam with density PCF 40, the compressive modulus decreases from 322.65 MPa at 25 °C to 42.38 MPa at 155 °C. A more detailed analysis of the results clarifies that the degradation of mechanical properties in the temperature range from 25 °C to 90 °C is relatively small for PCF 40: the compressive modulus decreases by 5.1%. When the temperature reaches 155 °C, the compressive modulus decreases by 86.9%. For both PCF 10 and PCF 25, the mechanical properties degrade almost immediately as the temperature increasea. For PCF 10, the value of the compressive modulus decreased by 15.7% at 90 °C and by 98.2% at 155 °C. For material PCF 25, the value of the compressive modulus decreases by 38.4% at 90 °C and by 97.2% at 155 °C. The compressive strength values decrease linearly with increasing temperature for all analysed materials. Detailed compressive strength values are given in Table 5.



According to the results of the experimental measurements presented in Table 5, for a tenfold increase in strain rate (45 mm/min), the behaviour of the PUR foam at the same temperature differs with tension loading. The mechanical properties degrade with increasing temperature, as shown by the tension loading results. For the PUR foams with density PCF 10 and PCF 25, the degradation of mechanical properties within the temperature range from 25 °C to 155 °C is almost linear. The compressive modulus for the PUR foam with density PCF 10 decreases from 49.71 MPa at 25 °C to 3.96 MPa at 155 °C. For the PUR foam with density PCF 25, the compressive modulus decreases from 262.89 MPa at 25 °C to 6.52 MPa at 155 °C. For both materials, PCF 10 and PCF 25 degraded the mechanical properties immediately as the temperature increased. For material PCF 10, the value of the compressive modulus decreases by 46.9% at 90 °C and by 92.0% at 155 °C. For material PCF 25, the value of the compressive modulus decreases by 22.5% at 90 °C and by 97.5% at 155 °C. A completely different situation occurs with the foam with density PCF 40. First, the compressive modulus increases from 258.16 MPa at 25 °C to 452.02 MPa (by 75.1%) at 90 °C and then decreases to 54.92 MPa (by 78.7%) at 155 °C. The compressive strength values decrease linearly with increasing temperature for all of the analysed materials. Detailed compressive strength values are given in Table 5.



When evaluating the results of experimental measurements focusing on the strain rate, the results show that values of compressive strength at a strain rate of 45 mm/min are almost identical to those for a strain rate of 4.5 mm/min in all analysed materials. Minor differences in values of compressive strength do not exceed the size of the standard deviation; they can therefore be considered almost identical.





4. Discussion


The thermal properties of all analysed PUR foams were characterised by thermogravimetric analysis. A standard procedure was used to perform TGA, in which the test samples were conditioned for 24 h at constant temperature and relative humidity before analysis. Concerning the chemical stability of the analyzed material, these conditions were optimal for maintaining the repeatability and validity of the obtained results. The protective atmosphere of nitrogen used did not react with the tested samples and could, therefore, not affect the measured values in any way. Likewise, the heating rate of 20 °C/min was chosen based on proven procedures for this type of material. The size of the tested samples was chosen concerning the size of the measuring device, its performance, and the ability to record data. None of the above parameters affected the results of the experimental measurements.



Standardised rigid polyurethane (PUR) foam blocks (Sawbones, USA) with a uniform structure and   ± 10  % variation in density were used for all analyses. Therefore, the closed-cell foam conformed to standard ASTM F-1839-08 for surface roughness measurement used only one specimen for each density. All of the PUR foam samples were analysed by a digital microscope to determine their surface roughness parameters. The results correlate with the fact that an increase in density of the samples reduces their roughness. The PCF 10 samples contain larger pores in their structure than the PCF 40 samples, and this effect strongly influences the mechanical properties of the samples. Samples with a higher density appear more compatible; better mechanical properties are therefore expected.



Tensile and compression tests were realized for seven samples for each PUR foam density, temperature and strain rate. The measurements were realized for three different temperatures in the range of 20 °C to 155 °C, the magnitude of which corresponded to the experimentally determined temperatures arising during drilling into bone tissue (data from our own experiments and [13]). All measured values of stress–strain curves were averaged using an arithmetic mean, and the standard deviation was determined. Arithmetic averages for the limit values of material parameters were also determined. The number of samples was sufficient when the standard deviation (STD) of none of the measured values exceeded 12%. The measurements show that, for a strain rate of 4.5 mm/min, the tensile modulus and tensile strength decrease with increasing temperature in all of the tested PUR foam samples. In a more detailed analysis of the results, the degradation of mechanical properties in the temperature range from 25 °C to 90 °C is relatively small for PCF 25 and PCF 40. When the temperature reaches 155 °C, the tensile modulus drop is substantial. The tensile strength values follow the same trend as the tensile modulus values. The results of the experimental measurements show that, even when the strain rate is increased tenfold (to 45 mm/min), the behaviour of the PUR foam at various temperatures is similar. An evaluation of the results of experimental measurements focused on the strain rate reveals that, at temperatures ranging from 25 °C to 90 °C, the values of tensile modulus and tensile strength are almost identical in all analysed materials. The situation at the higher temperature of 155 °C is quite different: the value of the tensile modulus and tensile strength of all tested materials increase with increasing strain rate. The tensile strength values at a strain rate of 45 mm/min are almost identical to those at a strain rate of 4.5 mm/min for all of the analysed materials. An evaluation of the compression properties of PUR foam samples via measurements at a strain rate 4.5 mm/min reveals that, with increasing temperature, the compressive modulus and compressive strength decrease. The degradation of mechanical properties in the temperature range from 25 °C to 90 °C is relatively small for PCF 40, for which compressive modulus decreases by 5.1%. When the temperature reaches 155 °C, the compressive modulus decreases by 86.9%. Both PCF 10 and PCF 25 exhibited degraded mechanical properties immediately with an increase in temperature. The compressive strength values decrease linearly with increasing temperature for all analysed materials. For a tenfold higher strain rate (45 mm/min), the behaviour of PUR foam at the same temperature differs from that for tension loading. Degradation of mechanical properties occurs during an increase in temperature. For materials PCF 10 and 25, the material properties degrade immediately with increasing temperature. A completely different situation occurs with the PCF 40 material. The compressive modulus first increases from 258.16 MPa at 25 °C to 452.02 MPa (by 75.1%) at 90 °C and then decreases to 54.92 MPa (by 78.7%) at 155 °C. The compressive strength values decrease linearly with increasing temperature for all of the analysed materials.




5. Conclusions


Special drills used in surgical procedures are routinely tested on certified PUR foams according to the specifications detailed in ASTM F-1839-08. These tests produce temperatures at which the maximum temperature value detected does not exceed 180 °C. Testing confirmed that the PUR foam samples are thermally stable in the investigated temperature interval from 25 °C to 155 °C. The results show that decomposition of all foams occurs only when the temperature exceeds 260 °C. The magnitude of the weight loss is dependent on the applied temperature; however, a dependence on sample density was not observed in the range 25 °C–155 °C. Differences during thermal degradation occur at temperatures as high as 260 °C when the decomposition begins for the PCF 10 sample. With regard to thermal stability in the temperature range from 20 °C to 260 °C, all of the analysed materials are safe for these particular applications and provide valid results. To increase the possibility of using PUR foam in other industrial applications, enhanced thermal resistance is necessary. An interesting possibility is the incorporation of nanoparticles into PUR foam for stabilisation against decomposition [34].



PUR foam is used in practice for testing implants as well as surgical instruments. Due to the fact that a large amount of heat is generated during machining, it is evident that it is necessary to know the material properties of PUR foam even at higher temperatures. However, such material parameters have not yet been published anywhere. Therefore, experimental measurements were performed to determine PUR foam’s material parameters for testing medical devices and surgical tools depending on temperature, foam density, and strain rate. On the basis of experimental measurements and evaluations of the obtained values, we agree with the practice that PUR foam is a suitable material for mechanical testing of medical devices. PUR foam has similar mechanical properties to physiological bone tissue and can be used to validly perform experimental tests of medical devices (bone screw, plates, implants, etc.). The main conclusion of this paper is the fact that PUR foam has relatively good thermal and mechanical stability to 220 °C and, therefore, is also suitable for testing surgical tools that generate heat during machining. Finally, all measured material parameters were determined as dependent on temperature, density and strain rate and can be used as input parameters for numerical FEM analyzes. Such detailed and comprehensive information describing the thermal and mechanical properties has not been published anywhere for PUR foam.







Author Contributions


Data curation, K.D., L.Z., and M.V.; Formal analysis, L.Z. and J.D.; Investigation, Z.H., K.D., H.V., and M.V.; Methodology, K.D.; Project administration, Z.H. and J.D.; Visualization, L.Z. and H.V.; Writing—original draft, Z.H., L.Z. and M.V. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the research grant of the Czech Science Foundation (GA CR) No.: 17-25821S “Evaluation and modelling of thermal field during machining of non-metallic materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gama, N.; Ferreira, A.; Barros-Timmons, A. Polyurethane Foams: Past, Present, and Future. Materials 2018, 11, 1841. [Google Scholar] [CrossRef]

	



Harith, I.K. Study on polyurethane foamed concrete for use in structural applications. Case Stud. Constr. Mater. 2018, 8, 79–86. [Google Scholar] [CrossRef]

	



Wu, H.; Shu, Y.; Liu, Y. Engineering Performance of Polyurethane Bonded Aggregates. Mat. Sci. 2017, 23, 166–172. [Google Scholar] [CrossRef]

	



Kumar, A.; Gupta, R. Fundamentals of Polymer Engineering, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2018. [Google Scholar]

	



Weil, E.; Levchik, S. Commercial Flame Retardancy of Polyurethanes. J. Fire Sci. 2004, 22, 183–210. [Google Scholar] [CrossRef]

	



Nunes, R.; Fonseca, J.; Pereira, M. Polymer-filler Interactions and Mechanical properties of a polyurethane elastomer. Polymer Test. 2000, 19, 93–103. [Google Scholar] [CrossRef]

	



Hatakeyama, H.; Matsumura, H.; Hatakeyama, T. Glass transition and thermal degradation of rigid polyurethane foams derived from castor oil-molasses polyols. J. Therm. Anal. Calorim. 2013, 111, 1545–1552. [Google Scholar] [CrossRef]

	



Hollensteiner, M.; Esterer, B.; Furst, D.; Schrempf, A.; Augat, P. Development of open-cell polyurethane-based bone surrogates for biomechanical testing of pedicle screws. J. Mech. Behav. Biomed. 2019, 97, 247–253. [Google Scholar] [CrossRef]

	



Oroszlany, A.; Nagy, P.; Kovacs, J.G. Compressive Properties of Commercially Available PVC Foams Intended for Use as Mechanical Models for Human Cancellous Bone. Acta Polytech. Hung. 2015, 12, 89–101. [Google Scholar]

	



Amirouche, F.; Solitro, G.F.; Magnan, B.P. Stability and Spine Pedicle Screws Fixation Strength—A Comparative Study of Bone Density and Insertion Angle. Spine Def. 2016, 4, 261–267. [Google Scholar] [CrossRef]

	



Er, M.S.; Altinel, L.; Eroglu, M.; Verim, O.; Demir, T.; Atmaca, H. Suture anchor fixation strength with or without augmentation in osteopenic and severely osteoporotic bones in rotator cuff repair: A biomechanical study on polyurethane foam model. J. Orthop. Surg. Res. 2014, 48, 247–253. [Google Scholar] [CrossRef]

	



Nowak, B. Experimental study on the loosening of pedicle screws implanted to synthetic bone vertebra models and under non-pull-out mechanical loads. J. Mech. Behav. Biomed. 2019, 98, 200–204. [Google Scholar] [CrossRef] [PubMed]

	



Alam, K. Experimental measurements of temperatures in drilling cortical bone using thermocouples. Sci. Iran. Trans. B 2015, 22, 487–492. [Google Scholar]

	



Bogovic, A.; Svete, A.; Rupnik, K.; Bajsic, I. Experimental analysis of the temperature rise during the simulation of an implant drilling process using experimental designs. Measurement 2015, 63, 221–231. [Google Scholar] [CrossRef]

	



Cseke, A.; Heinemann, R. The effects of cutting parameters on cutting forces and heat generation when drilling animal bone and biomechanical test materials. Measurement 2018, 51, 24–30. [Google Scholar] [CrossRef] [PubMed]

	



Formela, K.; Hejna, A.; Zedler, L.; Przybysz, M.; Ryl, J.; Saeb, M.R.; Piszczyk, L. Structural, thermal and physico-mechanical properties of polyurethane brewers spent grain composite foams modified with ground tire rubber. Ind. Crop. Prod. 2017, 108, 844–852. [Google Scholar] [CrossRef]

	



Zhang, M.; Pan, H.; Zhang, L.; Hu, L.; Zhou, Y. Study of the mechanical, thermal properties and flame retardancy of ofrigid polyurethane foams prepared from modified castor-oil-basedpolyols. Ind. Crop. Prod. 2014, 59, 1595–1599. [Google Scholar] [CrossRef]

	



Chen, W.; Lu, F.; Winfree, N. High-strain-rate Compressive Behavior of a Rigid Polyurethane Foam with Various Densities. Exp. Mech. 2002, 42, 65–73. [Google Scholar] [CrossRef]

	



Linul, E.; Marsavina, L.; Voiconi, T.; Sadowski, T. Study of factors influencing the mechanical properties of polyurethane foams under dynamic compression. J. Phys. Conf. Ser. 2013, 451, 012002. [Google Scholar] [CrossRef]

	



Mane, J.V.; Chandra, S.; Sharma, S.; Ali, H.; Chavan, V.M.; Manjunath, B.S.; Patel, R.J. Mechanical Property Evaluation of Polyurethane Foam under Quasi-static and Dynamic Strain Rates- An Experimental Study. Procedia Eng. 2017, 173, 726–731. [Google Scholar] [CrossRef]

	



Burgaz, E.; Kendirlioglu, C. Thermomechanical behavior and thermal stability of polyurethane rigid nanocomposite foams containing binary nanoparticle mixtures. Polym. Test. 2019, 77, 105930. [Google Scholar] [CrossRef]

	



Wu, N.; Niu, F.; Lang, W.; Yu, J.; Fu, G. Synthesis of reactive phenylphosphoryl glycol ether oligomer and improved flame retardancy and mechanical property of modified rigid polyurethane foams. Mat. Des. 2019, 181, 107929. [Google Scholar] [CrossRef]

	



Jin, H.; Lu, W.Y.; Scheffel, S.; Hinnerichs, T.D.; Neilsen, M.K. Full-field characterization of mechanical behavior of polyurethane foams. Int. J. Solids. Struct. 2007, 44, 6930–6944. [Google Scholar] [CrossRef]

	



Liow, S.S.; Lipik, V.T.; Widjaja, L.K.; Venkatraman, S.S.; Abadie, M.J. Enhancing mechanical properties of thermoplastic polyurethane elastomers with 1,3-trimethylene carbonate, epsilon-caprolactone and L-lactide copolymers via soft segment crystallization. Express Polym. Lett. 2011, 5, 897–910. [Google Scholar] [CrossRef]

	



Oh, J.H.; Bae, J.H.; Kim, J.H.; Lee, C.S.; Lee, J.M. Effects of Kevlar pulp on the enhancement of cryogenic mechanical properties of polyurethane foam. Polym. Test. 2019, 80, 106093. [Google Scholar] [CrossRef]

	



Koumlis, S.; Lamberson, L. Strain Rate Dependent Compressive Response of Open Cell Polyurethane Foam. Exp. Mech. 2019, 59, 1087–1103. [Google Scholar] [CrossRef]

	



Li, P.; Guo, Y.B.; Zhou, M.W.; Shim, V.P. Response of anisotropic polyurethane foam to compression at different loading angles and strain rates. Int. J. Impact. Eng. 2019, 127, 154–168. [Google Scholar] [CrossRef]

	



Saint-Michel, F.; Chazeau, L.; Cavaille, J.Y.; Chabert, E. Mechanical properties of high density polyurethane foams: I. Effect of the density. Compos. Sci. Technol. 2006, 66, 2700–2708. [Google Scholar] [CrossRef]

	



Qiu, D.; He, Y.; Yu, Z. Investigation on Compression Mechanical Properties of Rigid Polyurethane Foam Treated under Random Vibration Condition: An Experimental and Numerical Simulation Study. Materials 2019, 12, 3385. [Google Scholar] [CrossRef]

	



Demirel, S.; Tuna, B.E. Evaluation of the cyclic fatigue performance of polyurethane foam in different density and category. Polym. Test. 2019, 76, 146–153. [Google Scholar] [CrossRef]

	



Johnson, A.; Keller, T. Mechanical properties of open-cell foam synthetic thoracic vertebrae. J. Mater. Sci. Mater. Med. 2008, 19, 1317–1323. [Google Scholar] [CrossRef]

	



Center, J.; Nguyen, T.; Pocock, N.; Eisman, J. Volumetric Bone Density at the Femoral Neck as a Common Measure of Hip Fracture Risk for Men and Women. J. Clin. Endocrinol. Metab. 2004, 89, 2776–2782. [Google Scholar] [CrossRef] [PubMed]

	



Lowell, S.; Shields, J.; Thomas, M.; Thommes, M. Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density; Springer Science and Business Media: New York, NY, USA, 2012. [Google Scholar]

	



Saha, M.; Kabir, M.; Jeelani, S. Enhancement in thermal and mechanical properties of polyurethane foam infused with nanoparticles. Mat. Sci. Eng. A Struct. 2008, 479, 213–222. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.












[image: Materials 13 04560 g001 550] 





Figure 1. (a) Testing setup with heating chamber and video extensometer, (b) a test sample for the tension test, and (c) a test sample for the compression test. 
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Figure 2. Surface analysis for all types of samples: PUR foam pounds per cubic foot (PCF) 10 (a), PUR foam PCF 25 (b), and PUR foam PCF 40 (c). 
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Figure 3. Thermogravimetric analysis (TGA) results of all analysed pure PUR foams. 
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Figure 4. Stress–strain curves for tension and compression test of all analysed PUR foams: (a) PUR foam PCF 10, (b) PUR foam PCF 25 and (c) PUR foam PCF 40. Strain rate of 4.5 mm/min is the full lines, and strain rate of 45 mm/min is the dashed lines. The gray area is the range of the variance of the values. 
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Table 1. Physical properties of polyurethane (PUR) foam samples.






Table 1. Physical properties of polyurethane (PUR) foam samples.





	Sample
	Density

(PCF)
	Density

(g/cm3)
	Volume

Fraction
	Shore D

Harness





	PCF 10
	10
	0.16
	0.14
	15



	PCF 25
	25
	0.40
	0.34
	43



	PCF 40
	40
	0.64
	0.54
	65
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Table 2. Surface roughness measurement results for the tested samples.
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	Density
	   S a    (μm)
	   S z    (μm)
	   S q    (μm)





	PCF 10
	   93.4 ± 5.6   
	   933.6 ± 51.2   
	   115.4 ± 6.9   



	PCF 25
	   53.2 ± 3.1   
	   681.2 ± 39.8   
	   68.6 ± 3.2   



	PCF 40
	   48.7 ± 2.4   
	   647.7 ± 37.6   
	   63.3 ± 3.0   
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Table 3. Thermal stability results for all analysed PUR foams.
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Density

	
Weight Loss (wt.%) at Temperature (°C)




	
25 °C

	
90 °C

	
155 °C






	
PCF 10

	
   0.035 ×  10  − 3     

	
   0.489 ×  10  − 3     

	
   0.942 ×  10  − 3     




	
PCF 25

	
   3.160 ×  10  − 3     

	
   44.20 ×  10  − 3     

	
   85.50 ×  10  − 3     




	
PCF 40

	
   0.031 ×  10  − 3     

	
   0.431 ×  10  − 3     

	
   0.832 ×  10  − 3     
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Table 4. Summary of the tensile tests results obtained at a strain rate 4.5 mm/min and 45 mm/min.
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Sample

	
25 °C

	
90 °C

	
155 °C




	
Tensile

Modulus (MPa)

	
Tensile

Strength (MPa)

	
Tensile

Modulus (MPa)

	
Tensile

Strength (MPa)

	
Tensile

Modulus (MPa)

	
Tensile

Strength (MPa)






	

	
Strain Rate 4.5 mm/min at Temperature (°C)




	
PCF 10

	
   79.18 ± 9.84   

	
   1.99 ± 0.40   

	
   59.32 ± 10.68   

	
   1.63 ± 0.29   

	
   1.66 ± 0.38   

	
   0.37 ± 0.08   




	
PCF 25

	
   297.37 ± 48.26   

	
   4.94 ± 1.04   

	
   279.37 ± 62.45   

	
   3.22 ± 1.43   

	
   12.34 ± 2.10   

	
   1.27 ± 0.22   




	
PCF 40

	
   570.69 ± 80.11   

	
   15.31 ± 2.45   

	
   548.45 ± 87.18   

	
   10.82 ± 2.27   

	
   17.02 ± 3.06   

	
   2.68 ± 0.48   




	

	
Strain Rate 45 mm/min at Temperature (°C)




	
PCF 10

	
   86.25 ± 13.29   

	
   2.17 ± 0.83   

	
   53.07 ± 5.84   

	
   1.40 ± 0.64   

	
   3.01 ± 0.57   

	
   0.46 ± 0.32   




	
PCF 25

	
   309.06 ± 32.54   

	
   4.52 ± 0.93   

	
   280.32 ± 40.05   

	
   3.03 ± 1.34   

	
   8.48 ± 1.10   

	
   1.47 ± 0.73   




	
PCF 40

	
   543.95 ± 54.40   

	
   15.94 ± 1.22   

	
   507.19 ± 85.08   

	
   14.07 ± 1.087   

	
   71.29 ± 11.41   

	
   3.70 ± 0.97   
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Table 5. Summary of the compressive test results: strain rates 4.5 mm/min and 45 mm/min.
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Sample

	
25 °C

	
90 °C

	
155 °C




	
Compressive

Modulus (MPa)

	
Compressive

Strength (MPa)

	
Compressive

Modulus (MPa)

	
Compressive

Strength (MPa)

	
Compressive

Modulus (MPa)

	
Compressive

Strength (MPa)






	

	
Strain Rate 4.5 mm/min at Temperature (°C)




	
PCF 10

	
   53.67 ± 10.73   

	
   1.44 ± 0.29   

	
   45.22 ± 8.14   

	
   0.44 ± 0.08   

	
   0.94 ± 0.20   

	
   0.34 ± 0.04   




	
PCF 25

	
   227.82 ± 47.84   

	
   13.51 ± 2.43   

	
   140.36 ± 26.67   

	
   5.45 ± 0.82   

	
   6.38 ± 1.09   

	
   1.82 ± 0.47   




	
PCF 40

	
   322.65 ± 51.62   

	
   29.23 ± 7.60   

	
   306.04 ± 81.07   

	
   14.83 ± 3.12   

	
   42.38 ± 7.63   

	
   6.36 ± 1.14   




	

	
Strain Rate 45 mm/min at Temperature (°C)




	
PCF 10

	
   49.71 ± 9.94   

	
   2.47 ± 0.49   

	
   26.38 ± 4.75   

	
   0.65 ± 0.07   

	
   3.96 ± 0.52   

	
   0.44 ± 0.09   




	
PCF 25

	
   262.89 ± 55.21   

	
   14.77 ± 3.10   

	
   203.83 ± 20.38   

	
   7.64 ± 0.92   

	
   6.52 ± 0.59   

	
   1.78 ± 0.45   




	
PCF 40

	
   258.16 ± 41.31   

	
   32.41 ± 4.86   

	
   452.02 ± 94.92   

	
   18.06 ± 3.43   

	
   54.92 ± 9.89   

	
   6.96 ± 0.57   
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