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Introduction

In the standard document called “Requirements for the competence of testing and calibration laboratories” (IS 14874, ISO 17025) [1], under Clause 5.4.6 on estimation of uncertainty of measurement, the following is stated:

“5.4.6.1 A calibration laboratory, or a testing laboratory performing its own calibrations, shall have and shall apply a procedure to estimate the uncertainty of measurement for all calibrations and types of calibrations.

5.4.6.2 Testing laboratories shall have and shall apply procedures for estimating uncertainty of measurement. In certain cases the nature of the test method may preclude rigorous, metrologically and statistically valid, calculation of uncertainty of measurement. In these cases the laboratory shall at least attempt to identify all the components of uncertainty and make a reasonable estimation, and shall ensure that the form of reporting of the result does not give a wrong impression of the uncertainty. Reasonable estimation shall be based on knowledge of the performance of the method and on the measurement scope and shall make use of, for example, previous experience and validation data.

5.4.6.3 When estimating the uncertainty of measurement, all uncertainty components which are of importance in the given situation shall be taken into account using appropriate methods of analysis.”

The above is particularly important for mechanical tests, like hardness, tensile, impact, creep etc., in which the testing procedures are often such that the method of quantitative evaluation of the level of uncertainty associated with the test results is not always immediately apparent. Results often have to be obtained through analysis or calculation based on a number of measurements (the derivation of measurands from measurements), each of which is inaccurate or uncertain to a degree, and which contribute to the accuracy or uncertainty of the test results. In the standards employed for mechanical testing, calibration, accuracy and precision is always given due importance, and the estimation of uncertainty provides a methodology to propagate this importance through to the test results.

In this paper, the concepts associated with the procedure for estimation of uncertainty is discussed, and the application of these for the determination of uncertainty in tensile testing is illustrated.

The concept of uncertainty and its application

Evaluation of uncertainty associated with results of tests (or that of calibration) is based on the following basic concepts:

(i) Knowledge about any quantity which influences the result of a measurement is in principle incomplete and can be expressed by a probability density function (pdf) of the probable values of the quantity.

(ii) The mean of the pdf is taken as the best estimate of the value of the quantity. The standard deviation of the pdf is taken as the standard uncertainty in determining the value of the quantity.

(iii) Knowledge about a quantity may by inferred from either repeated measurements (called Type A evaluation), or from scientific judgement based on all the available information on the possible variability of the quantity (called Type B evaluation). In either case, that knowledge can be represented by a pdf.
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To cite an example: if the dimension of a tensile test specimen is measured by the same measuring instrument 300 times, each time a slightly different measurement will be obtained. The nature of distribution of measurements made will be as shown in Fig. 1(a), and represents the pdf of the dimension being measured. In contrast, the tensile strengths obtained from 300 tensile tests has a pdf given in Fig. 1(b). Compared to the pdf in Fig. 1(a), there appears that this distribution has a central tendency. It may be noted that both these pdfs are of Type A, being obtained from a number of measurements. Instead of the dimension of one specimen being measured a number of times, a distribution somewhat similar to that in Fig. 1 (a) could be inferred from the accuracy associated with the device used for measurement, and then the pdf would be said to be of Type B.

Expanding the scope of the example given above, it may be pointed out that uncertainty in the measurement of a dimension of a tensile test specimen will influence the measurement of tensile strength since dimensions are required to calculate stress. This is known as the propagation of uncertainty, which is again a central concept for the estimation of uncertainty. As part of the exercise for the estimation of uncertainty, it is required that a model for the propagation of uncertainties be determined and used for computing the combined uncertainty of parameters like tensile strength. In mechanical testing, it is mostly found that linearised models apply, and a root-sum-square derivation can be applied for the calculation of the uncertainty associated with a measurand (output quantity) from the uncertainties of the various influencing measurements (input quantities), each appropriately weighted by sensitivity coefficients. This concept is elucidated later.

Proceedings of workshops [2], codes of practice [3] and standard documents [4, 5] are available on the subject of measurement of uncertainty. These may be referred to for a holistic understanding of the development of the concept of uncertainty, and its application to mechanical testing.

The procedure for estimation of uncertainty, with special reference to mechanical testing, can be said to be consisting of the following steps:

1) Identifying the parameters for which uncertainty is to be estimated

2) Identifying all sources of uncertainty in the test

3) Classifying the uncertainty into Type A and B

4) Estimating the standard uncertainty for each source of uncertainty

5) Computing the combined uncertainty for the parameters identified in 1

6) Computing the expanded uncertainty

7) Reporting of results

More details on the steps are given below taking the tensile test as a specific example. A short description of the tensile test is provided first to lay down the basic process of testing and analysis.

The tensile test

The tensile test is one of the most common mechanical test that is performed in order to quantify the stiffness, strength and ductility properties of materials. A number of national and international standards [6, 7], which give the procedure and method of testing, are available for the test.

Essentially the tensile test consists of loading, at a constant displacement rate or strain rate, a specimen, offering a (gauge) length of material of uniform cross-section, to fracture. The force (more commonly called load) experienced by the specimen and the extension of the gauge length is monitored during the test in order to calculate the various characteristic properties of the material. Typically, specimens are of rectangular or circular cross-section in the gauge region. The engineering stress experienced by the material in the gauge region at any instant of the test is obtained by dividing the force exerted on the specimen by the original cross-section area of the gauge. The corresponding engineering strain is given by the ratio of the extension at the gauge to the original gauge length.
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Fig. 2 shows a typical design of a tensile specimen and the schematic engineering stress-strain plot obtained from it through a tensile test. The important measurands (output quantities) that are obtained from the plot to characterise material properties are indicated.

Determination of uncertainty of tensile test

Identifying the parameters for which uncertainty is to be estimated

Almost always in mechanical tests, the measurands (output quantities) that characterise material properties cannot be obtained directly, but must be calculated from measurements (input quantities) obtained from specimens and those made during the test. For the tensile test, the measurements and the measurands are listed in Table 1.

Table 1: Measurements and measurands for the tensile test, and their relationships

Measurements
Units
Symbol


Specimen dimension (thickness and width or diameter)
mm
ao and bo or do


Original gauge length
mm
lo


Load applied during test
N
F


Gauge extension during test
mm
l


Final gauge length
mm
lf


Diameter of final fracture (for cylindrical specimens)
mm
df


Measurands
Units
Symbol
Formula

Original cross-section area
mm2
Ao
= ao.bo or do2/4

Modulus of elasticity
GPa
E
= F.l/(Ao.lo)

Proof strength
MPa
0.2%
= F0.2%/Ao

Ultimate tensile strength
MPa
UTS
= FUTS/Ao

Percentage elongation at fracture
%
%El
= (lf-lo).100/lo

Percentage reduction in area
%
%RA
= do2-df2)100/do2

Quantification of uncertainties of some of the measurands is the ultimate objectives, but for that uncertainties of measurements as well as that of other measurands have to be estimated. It is therefore necessary that the formulae inter-relating various quantities be laid down, as given in the table above.

Identifying all sources of uncertainty in the test, and classifying the uncertainty into Type A and B

“Sources contributing to the uncertainty include, but are not necessarily limited to, the reference standards and reference materials used, methods and equipment used, environmental conditions, properties and conditions of the item being tested or calibrated, and the operator” (Note 1, Clause 5.4.6.3, IS 14874/ISO 17025 [1]). For the tensile test, major sources of uncertainty can be categorised under four heads, as shown in Table 2. It is important to note that the list given is not exhaustive, and the contents under the categories, or even the categories themselves, may change with the material tested and the test conditions.

Table 2: Typical sources of uncertainty and their contribution to uncertainties of measurand in tensile testing of metallic material (1=major, 2=minor, 0=no and ?=unknown contribution)

Source of uncertainty
Type
E
0.2%
UTS
%El
%RA

1. Test specimen







Specimen dimension
B
2
2
2
2
2

Surface finish
B
2
2
2
2
2

Residual stress
B
?
?
?
?
?

Size and shape of specimen
B
2
2
1-2
1
1

Location of fracture
B
0
0
0
1
1-2

2. Test system







Dimension measurement device
B
1
1
1
1
1

Gauge determination system
B
1
1
0
1
0

Extensometer type
B
1
1
0
2
0

Alignment system
B
1
1
2
2
0

Test machine stiffness
B
1
1
1
2
2

Force measurement accuracy
B
1
1
1
0
0

Extensometer accuracy
B
1
1
0
2
0

3. Environment







Ambient temperature
B
2
2
2
2
2

Humidity
B
0
0
0
0
0

4. Test procedure







Load balancing (zeroing)
B
2
1
1
2
0

Stress rate
B
1
1
1
2
2

Strain rate
B
1
1
1
1
1

Data acquisition system
B
1
1
2
2
0

Data acquisition rate
B
1
1
2
2
0

Fracture area measurement
B
0
0
0
0
1

Testing software
B
1
1
2
1
0

As shown in the table above, the influence of the various sources of uncertainty on the important measurands has to be indexed according to their contributory importance. The sources of uncertainty also have to be classified as Type A or Type B depending upon how the uncertainty is to be obtained. For mechanical tests, sources of uncertainties are mostly of Type B since they can be quantified from data available a priori, like accuracy of load cell from calibration certificate etc.

It may be seen from Table 2 that some of the sources of uncertainty can be directly correlated with the primary measurements made during a mechanical test, as given in Table 1, and therefore affect directly the quality of the measurands of Table 1. However, other factors may also affect its quality, indirectly or weakly. For example, proof strength 0.2% is greatly affected by uncertainties arising from force measurement and dimension measurement, to which it is correlated by the formula given in Table 1. However, other sources of uncertainties like extension measurement, machine stiffness and specimen alignment may affect the quality strongly through their effect on the modulus of elasticity E, which is used to determine the characteristic force F0.2% that is necessary for its calculation. Still other factors like surface roughness, specimen size and ambient temperature have a weak influence on 0.2%. The exercise of preparing a correlation table, as shown in Table 2, helps in clearly identifying the various sources of uncertainties of measurands of mechanical tests, and therefore is recommended to be followed for estimation of uncertainty.

Estimating the standard uncertainty for each source of uncertainty

For the various items in Table 2, it is necessary that the uncertainties be quantified. The standard uncertainty is related to the standard deviation of the pdf associated with the measurement.

If the uncertainty is of Type B, essentially a rectangular distribution (similar to Fig. 1(a)) can be assumed. For example if the accuracy of a dimension measurement device is know to be x, and a dimension of y is measured, then the actual value of the dimension can lie anywhere in the range y±x. The uncertainty in this case is given by u=x/ EQ \R(,3) .

If the uncertainty is of Type A, i.e. a number of measurement of the quantity has been carried out to obtain the pdf, and the standard deviation of the distribution has been calculated to be s, then the uncertainty is given by u=s.t(P,f)/ EQ \R(,n) , where t(P,f) is a factor obtained from the Students’ distribution for confidence level P (usually 68.27%) and (n-1) degree of freedom, n being the number of measurements made.

Computing the combined uncertainty for the measurands

This is usually the most difficult item in the process of estimation of uncertainties in results of mechanical test. It is based on the cause-effect-relationship that links the result of measurements to the measurand. As mentioned earlier, a model for the propagation of uncertainties must be used to compute combined uncertainties. Typically for mechanical tests, the model for combined uncertainties that is used may be expressed through a root-sum-square derivation as

uc(y) =  EQ \R(, \I\su(i=1,N,[ci.u(xi)]2)) 
where uc(y) is the uncertainty of the measurand y, which is affected by the uncertainties u(xi) of a number of measurements xi, each of which imposes a sensitivity coefficient ci to the propagation of uncertainty. Such a model assumes that the individual uncertainty sources are uncorrelated.

The sensitivity coefficient c can be obtained from the functional relationship of the measurand with the measurements, wherever such relationships exists. If a measurand M is related to the measurements P, Q and R through a function M=f(P, Q, R), then the sensitivity coefficients of the various measurements are given by the partial differentials (M/(P, (M/(Q and (M/(R respectively. If functional relationships do not exist or are not unambiguously apparent, for example for the dependence on tensile strength on temperature of testing, it is imperative that on the long run empirical relationships be developed, although that may be limited to only a class of material or a defined temperature range.

The application of the equation for combined uncertainty is best understood by using it for the specific case of the tensile test. For a test specimen of rectangular cross-section, the original area is given in terms of its width and breadth by Ao = ao.bo. The sensitivity coefficients associated with ao and bo are given by

cao= EQ \F((Ao,(ao) =bo and cbo= EQ \F((Ao,(bo) =ao, and the uncertainty in Ao can be expressed by uAo= EQ \R(,bo2.uao2 + ao2.ubo2) 
where uao and ubo are the individual uncertainties in the measurement of ao and bo. If a vernier calliper of accuracy ± is used for measurement, then the uncertainty in Ao can be re-written as uAo= EQ \R(,(bo2.+ ao2)\F(d2,3)) 
Since a derivation of the combined uncertainty of various measurands in a tensile test can be quite involved, the final form of some of the more commonly required output quantities is summarised in Table 3.

Table 3: Combined uncertainty of measurands of tensile test

Measurand
Functional relationship
Combined uncertainty

Cross-section area of rectangular specimen
Ao = ao.bo
uAo= EQ \R(,bo2.uao2 + ao2.ubo2) 

Cross-section area of cylindrical specimen
Ao = = EQ \f(pdo2,4) 
uAo= EQ \R(,\f(p2do2.uo2,4)) 

Stress
 = = EQ \f(F, Ao) 
u= EQ \R(,\b\bc(\F(1,Ao))\s\up8(2).uF2 + \b\bc(\F(F,Ao))\s\up8(2).uAo2) 

Strain
 = = EQ \f(Dl, lo) 
u= EQ \R(,\b\bc(\F(1,lo))\s\up8(2).uDl2 + \b\bc(\F(Dl,lo))\s\up8(2).ulo2) 

Elastic modulus
 EQ \f(F lo, DlAo)  = mE EQ \f(lo, Ao) 
u= EQ \R(,\b\bc(\F(lo,Ao))\s\up8(2).SmE2 + \b\bc(\F(mE,Ao))\s\up8(2).ulo2 + \b\bc(\F(mE lo,Ao2))\s\up8(2).uAo2) 

In connection with the derivation of combined uncertainties, if a mathematical model for the test is lacking, laboratories can list those quantities and parameters that might have a relevant influence on the uncertainty and try to estimate their contribution to the overall uncertainty. Laboratories should strive to refine their uncertainty estimates, taking into account for instance recent data from internal quality assurance that broaden the statistical basis for the uncertainty estimation, and also data from inter-laboratory comparisons or proficiency tests.

Computation of the expanded uncertainty and reporting of results

The expanded uncertainty, U, defines an interval about the result of a measurement that may be expected to encompass a large fraction of the values that could reasonably be attributed to the measurand; it is therefore the most suitable quantitative indication of the quality of the result. For convenience, the expanded uncertainty is often expressed as a multiple of the combined uncertainty. This factor for multiplication of the combined uncertainty is termed the coverage factor k, which is selected on the basis of confidence required. The expanded uncertainty U is therefore broader than the combined uncertainty u.

For a normal probability distribution, a coverage factor of 2 is often professed, corresponding to a confidence level of 95.4%. Where a higher confidence level is solicited, for example in aerospace industries, a coverage factor of 3, giving a confidence level of 99.73%, may be used. In cases where the probability distribution is not normal, or when the number of data points used for a Type A analysis is small, the value of k has to be calculated from the degrees of freedom by statistical methods.

Once the expanded uncertainty has been obtained, results can be reported as V = y ±U, where V is the measurand, y is the mean result and U is the expanded uncertainty of the measurand. An explanatory note giving the coverage factor must be attached.

Concluding remarks

In this paper, a brief discourse is provided on calculation of uncertainty associated with mechanical tests – the tension test in particular. Interesting information on this subject is available in the literature [8-11], and the reader is encouraged to go through these.

The estimation of uncertainty in mechanical testing may often seem to be time-consuming. However, there are several advantages linked with these efforts.

(i) Estimation of uncertainty quantitatively assists in important issues such as risk control and credibility of test results.

(ii) The statement of the measurement uncertainty can represent a direct competitive advantage by adding value and meaning to the result.

(iii) The knowledge of quantitative effects of single quantities on the test result improves the reliability of the test procedure. Corrective measures may be implemented more efficiently and hence become cost-effective.

(iv) The determination of uncertainty provides a starting point for optimizing test procedures through a better understanding of the test process.

(v) Clients such as product certification bodies sometimes need information on the uncertainty of results when stating compliance with specifications.

(vi) Calibration cost can be reduced if influence factors do not substantially contribute to the uncertainty.

The following points are pertinent in the scope of estimation of uncertainty:

1. The degree of rigor needed in an estimation of uncertainty of measurement depends on factors such as: the requirements of the test method; the requirements of the client; the existence of narrow limits on which decisions on conformance to a specification are based

2. The very nature of some testing procedures may make it difficult to apply the principles of uncertainty measurement

3. The basic requirements should be either an estimation of the overall uncertainty, or identification of the major components followed by an attempt at estimating their size.

4. It is recognised that the knowledge on measurement uncertainty concerning e.g. the mathematical modelling or the estimation of the various influence factors is differently developed in different testing fields. This has to be taken into account when implementing ISO/IEC 17025 because laboratories in general cannot be expected to start scientific research to assess the uncertainty of their measurements and tests. Therefore, the respective requirements of the accreditation bodies should always be adapted according the current state of knowledge in the respective testing field.

5. Competent laboratories know the quality of their testing methods and the uncertainty associated with the results. Measurement uncertainty is therefore an essential quality feature for testing methods. Others, such as repeatability, reproducibility, robustness and selectivity are also important for the characterisation of the overall quality of a testing method.
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Figure 1: Typical distribution of measurements in tensile testing.








Figure 2: Tensile specimen and schematic of the engineering stress-strain curve
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