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EFFECT OF MATERIAL PROPERTIES OF MEASURING FORCE TRANSDUCER ELASTIC ELEMENTS TO METROLOGIY CHARACTERISTICS

Živko Pejašinović
, Zorana Tanasić2, Goran Janjić3
Summary: An influence of caracteristics of the material of elastic element on metrologic caracteristics of measuring force transducer is analysed in this paper. The most important caracteristics of the materials and these elements are included and their significance in fulfillment of the general functions and metrologic caracteristics of measuring transducer are pointed out. Results of the analysis are the basis for choice of materials and for design of the optimal shape of these elements, and consequently make this process much faster and more efficient.
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1. INTRODUCTION
Measuring force transducers designed on the principle of strain gauge are the serial connection of three transducer elements: elastic element, gauge and measuring bridge.
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Fig. 1  Structural scheme of measuring force transducer
Elastic elements are first-primar transducing elements and the most important mechanical parts of measuring force transducer. Input values of elastic elements are forces (or torque, pressure etc.), and output values are displacements (linear or angular) or strains.

Elastic elements are suitably shaped rigid bodies (rod, beam, ring etc.) on which surfaces gauges are applied and connected to the respective bridging configuration. Their function is to act as a reaction to measured force. In such activities elastic elements are deformed along with applied gauges, electrical resistance of gauges changes, and in measuring diagonal of the bridge occur the changes equivalent to the measuring force. Tensions, i.e. strains of elastic element must remain purely elastic, that is within the Hooke’s law, and strong enaugh to provide an appropriate output signal. 
Their main caracteristics are: linearity between forces and strains, small histeresis, small creep, small tension relaxations etc. Achieving these characteristics mainly depend on the structural design of elastic elements and properties of the material from which it is made.
These caracteristics of elastic element which have the greatest influence on metrologic caracteristics of measuring transducer are analysed in this paper. Analysis includes mechanical and  thermal characteristics and features related to the workability of the material of elastic element.
2. MECHANICAL CHARACTERISTICS OF MATERIAL
The most important mechanical caracteristic which predominantly affects the accuracy or measuring force transducer is linear relationship between tension and strain in area of material elasticity of elastic element. According to Hooke's law relationship between tension and strain in this area is determined with expression:
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- tension in material,
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- module of material elasticity,
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-  relative strain.
Linearity of expression 1 depends on material elasticity module of elastic element. For the stress range corresponding to the rated load of elastic element, material should have perfect linearity between stress and deformation. In addition to material of elastic element, also other influences can cause the occurrence of nonlinearity at the output of the transducer. In general, such materials that have stable characteristics in a wide range of factors influencing changes are needed for elastic elements construction. Such materials are rare in practice. Their characteristics to a greater or lesser extent depend on the rate of change and the size of workload, time of activity, vibration, temperature, etc.
Under the load, elastic element is deformed instantly, and then the deformations continue to increase under the law of damping (Fig. 2a). After unloading, the deformations of elastic element disappear, also with a time delay. This phenomenon is called the material creep (with delayed elastic effect) and depends on the speed of change of measured values. When loads are changing rapidly creeping is not so prominent as in a short period of time fails to develop. The highest creep occurs with medium frequency loads 20-200 Hz [6]. It is usually not manifested individually, but together with mechanical hysteresis, resulting increase of hysteresis loops. It is especially expressed at elevated temperatures.
Discrepancy between the curves depending on the stress and strain, obtained by the loading and unloading elastic elements, creates a hysteresis loop (Fig. 2b). Width of hysteresis loop of elastic elements for stresses in the range of rated load is low. It increases with increasing stress so behaviour of material of elastic element when it is loaded above the rated load must be considered.
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Fig. 2 Diagrams: a) creep, b) elastic hysteresis 
The mechanical and thermal treatment of elastic elements should be strictly adhere to the prescribed treatment regime. Long and over-heating of the elastic element leads to local changes in mechanical properties as reflected by the increase in hysteresis. In some cases, because of the importance of hysteresis, size of the allowable stresses of elastic elements are not determined by the factor of safety compared to the material yield strength, but based on the size of allowable hysteresis. This applies to the elastic elements for high-class accuracy, and allowed stresses do not exceed 0.1
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Mechanical characteristics of materials such as the limit of proportionality, elastic limit, yield strength and tensile strength is not related directly to the characteristics of elastic elements. As the limits of proportionality and flexibility are considered as conditional borders, allowed level of work load (and thus the maximum size of mechanical signals) is determined by the limit of the material flow. Safety factors for this limit are chosen in the range 0.3 to 0.5 (for elastic elements of the higher class of accuracy to 0.1) [6]. The nominal load of elastic element that represents the upper limit of measurement range is defined in this way. Elastic elements for force measuring are required to withstand much heavier loads than the nominal. These loads are called safe or secured load limits. The material must not happen any change (plastic deformation, cracks) to the boundary of the safe load. The value of the safe load limit depends on the type of elastic element and is 150-200% of rated load, or 300-500% compared to the limits of destruction of materials [2, 3, 4]. In order to prevent breakage (especially in the areas of stress concentration) the material must have sufficient flexibility. Therefore, the elastic elements rarely require higher hardness of 50 HRC, because the materials with higher hardness prone to brittle fracture. If it is certain that the safe load limit to be exceeded it is necessary to install some protection against overload.
For elastic elements dynamicaly loaded with a large number of cycles, it is necessary to take into consideration fatigue strength and regarding it to select the appropriate safety factor. For most of elastic elements, fatigue strength is of secondary importance, since the sensitivity of electro-strain gauges to fatigue is limiting constraint.
In some cases of choise of material of elastic element may be limited by specific requirements for material density, temperature coefficient of linear expansion, the corresponding relationship between elastic modulus and bulk density, etc.

3. THERMAL PROPERTIES OF MATERIALS    
Previously analyzed mechanic properties of materials used for making elastic elements are related to standard operating conditions (room temperature without aggressive and other influences). As the electro transducers with strain gauges can be used in a wide temperature range and under different external influences, special attention should be paid to the thermal properties of materials, since at extreme temperatures, range of materials to create elastic elements is substantially limited.
Experimental studies indicate that mechanic properties of some metals (yield strength and tensile strength) significantly depend on temperature. Figure 3 shows several diagrams obtained during the investigation of carbon steel in tension at different temperatures [5]. The diagram shows that the yield strength at higher temperatures is less obvious and above 300ºC it can not be seen in the diagram. According to the same diagrams, steel strength rises to 250ºC and then rapidly decreases.




Fig. 3 Diagrams of tensile of carbon steel at different temperatures
As these sizes do not relate directly to the elastic elements, more interesting are the first parts of these diagrams. According to these diagrams limit of proportionality of steel decreases with increasing temperature. At the same time, the slope of the diagram reduces and thus also the modulus of elasticity for 1-3% at 60 ºC [4]. This information is very important because it directly influences to the linearity of the materials in the field of elasticity according to the expression 1. Keeping this in mind it is necessary to choose a material for which the elastic modulus in a certain temperature range is linear and stable enough. In this case, the errors that occur due to changes in elastic modulus can be taken into account by introducing corrections or compensations, which is done only for elastic elements of higher class accuracy.
Another important requirement for the material of elastic element is the stability of modulus in time. Research shows that the instability arising in the material after its mechanic and thermal treatment is associated with the subsequent action and relaxation. The lowest time-dependent instability modules of elasticity have materials with no significant residual stress.

By analyzing the thermal properties of the material of elastic elements, one should bear in mind that the electro-strain gauge is a source of heat that is transferred to the elastic element. Temperature gradients in the asymmetrical elements, especially if they are unbalanced in relation to applied gauge, can cause interference at the output. To minimize these temperature effects during the reaction of elastic elements, the elements should be of symmetrical forms with respect to applied gauge.

The transducers in use are exposed to a larger or smaller temperature changes. The impacts of these changes can be reduced by appropriate constructional solutions. In this case, one must take into consideration heat flow path between the casing of the transducer and the elastic element, and within the element. For any technical solution, the change of temperature gradients within the element is inversely proportional to the thermal conductivity of the material element. Therefore, the thermal conductivity of the material of elastic element is important feature that must be taken into consideration when selecting materials. The effects of thermal expansion of materials of the first order at exit of elastic element are eliminated with self-compensating gauges and full-bridge configuration. In addition, there are higher-order effects arising from changes in the cross section dimensions, torque arm and the other parameters, and is about  0.1 to 0.2% at 60ºC [4].
The analysis of thermal effects on the material of elastic element and its behavior in such conditions shows that they are numerous and significantly affect the final results. Thermal effects are successfully solved by applying these recommendations and using some existing practical and very efficient methods of compensation of these effects.

4. WORKABILITY OF MATERIAL OF ELASTIC ELEMENT 
For selecting the material of elastic elements, in addition to mechanical and thermal properties, an important properties are related to their workability. In the production of elements the principle of monolithism should be respected. In this way the equality of all influential factors on the characteristics of elastic elements is ensured. All connections of any kind applied to the elastic elements, to a greater or lesser degree cause a slight displacement and friction that can cause certain non-linearity. Welded joints require special attention because they create residual stresses, and metallurgical effects contribute to the appearance of micro-plasticity and limiting endurance to fatigue.
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Fig. 4  Elastic element of the two-component force measuring transducer

By adjusting the basic, relatively simple shapes of elastic elements to the task of measuring, very complex configurations of elastic elements are formed (Fig. 4). Keeping this in mind and respecting the previously mentioned principle, a complicated and precise machining is a common requirement in the manufacture of elastic elements. In this case, the workability of the material is an important feature to be taken into account when selecting materials because it significantly affects the performance and cost.
More materials suitable for elastic elements have good workability in the state before heat treatment. The predicted mechanical properties are achieved by subsequent heat treatment at appropriate temperatures and cooling in oil or water. In elastic elements of complex shape with segments of various thicknesses, these processes are accompanied by the occurrence of subsequent deformation of the designed shape. Materials prone to such changes should be avoided in the selection.
5. CONCLUSION  
In the design of force transducers based on the principle of electro-resistant strain gauges central place belongs to the design of their elastic elements. For successful realization of this task, it is necessary to know the material properties of elastic elements. The choice of material of elastic elements must be compatible with commercial by type, quantity and usable form, and sometimes price. None of the materials to create elastic element does not possess all necessary features so that the choice represents a compromise between the existing properties. In the particular case, the optimal material should be selected according to the specific priority of features.
Summarizing the previously performed analysis it should be noted that any kind of imperfection in the chosen material of elastic element has negative effect on the metrological characteristics of the transducer in which an elastic element is embedded.
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