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The AMS2750 aerospace specification, in its G revision, does not 
require the calculation of uncertainty for different tests, but it 
does mandate that laboratories be accredited according to the 
ISO 17025 standard, which implicitly includes this calculation.
By CARMEN GARCÍA-LÓPEZ and GERMÁN ÁLVAREZ-TEY

hermal processing equipment used in the aerospace 
industry must meet the requirements of the processes for 
which they are intended. The periodic tests performed 
by calibration laboratories, according to the AMS2750 

specification, are intended to ensure compliance with these equip-
ment requirements. While this specification does not explicitly state 
the need for uncertainty calculation, it does specify that pyrometry 
laboratories must have an ISO/IEC 17025 Quality System accredited 
by a recognized regional body that is a member of the International 
Laboratory Accreditation Cooperation (ILAC). Therefore, the calcula-
tion of uncertainties is necessary. This work presents a methodology 
for conducting temperature uniformity surveys and uncertainty 
assessment in these tests. This methodology has been applied to four 
different types of equipment to analyze, in each case, the contribu-
tions of uncertainties and to assess their potential for improvement. 
The objectives that laboratories should aim for include improving 
measurement accuracy and reducing uncertainty components in 
order to meet the criteria of both AMS2750 and ISO/IEC 17025.

1 INTRODUCTION
The aerospace industry is constantly seeking to improve the struc-
tural strength-to-mass ratio of the materials used in aircraft manu-
facturing to reduce fuel consumption, pollutant emissions, and the 
cost of raw materials. This evolution leads to continuous development 
of the associated manufacturing processes [1]. As an example, each 
new generation of Boeing aircraft is 15-25% more efficient than the 
previous one, and these aircraft are 90% recyclable by weight [2]. As for 
Airbus, the A350 model is composed of 53% lightweight and composite 
materials and emits 25% less CO2 compared to the previous model 
[3]. In [4,5], the author exposes the importance of certification and 
qualification of additive manufacturing processes in order to reduce 
manufacturing costs by reducing operational man and machine 
hours and simplifying the manufacturing process.

The most common materials are aluminum alloys, titanium alloys, 
steel, magnesium, and composite materials [6,7,8]. The different 
materials require specific heat treatments that provide the neces-
sary properties and characteristics to the different components to be 
assembled [9,10,11]. The heat treatments to be applied can be diverse, 
including solution, aging, annealing, normalizing, austenizing, tem-
pering, precipitation, and stress relieving. In any case, exhaustive 
and rigorous metrological control of the different types of thermal 
equipment involved in the production process is required in order to 
guarantee the necessary heat treatment. Precise temperature control 
guarantees the efficiency of the process and the quality of the product.

The AMS2750 [12] specification published by the SAE (Society 
Automotive Engineers) addresses the pyrometric requirements for 
equipment used for the thermal processing of metallic materials in 
the aerospace industry. This specification establishes the character-

istics and requirements for temperature sensors, instrumentation, 
thermal processing equipment, instrument correction factors and 
offsets, system accuracy tests, and temperature uniformity surveys 
(TUS). This specification is used as a reference by major aircraft manu-
facturers such as Boeing, Airbus, and Bombardier [13,14,15].

TUS require the thermal evaluation of the volume of the equip-
ment during a certain time and for different temperature values 
according to its working range. For this purpose, it is necessary to 
have a set of sensors inside the volume to be characterized in order 
to reproduce the production load conditions during the test and to 
record the measured temperature values for characterization. The 
possible parameters to be characterized depend on the type of isother-
mal medium and its use. The most common parameters are stability, 
uniformity, indication, thermal inertia, recovery time, transfer time, 
and thermal decrease. These tests are essential to ensure parts or raw 
materials are heat-treated by the applicable specifications.

The latest revision, G, of the AMS2750 specification came into 
force in June 2022, and there were no significant changes from the 
previous revision, F (effective from June 2020). Revision G incorpo-
rates several modifications and clarifications to Revision F, as well 
as new definitions and tables. Revision F established a period of two 
years for pyrometry service providers to have a quality system accred-
ited to ISO/IEC 17025 [16]. ISO/IEC 17025 sets out the requirements 
that testing and calibration laboratories must meet to demonstrate 
their technical competence and their ability to generate valid results. 
Among other requirements, it states that the laboratory must use 
appropriate methods and procedures for all laboratory activities, as 
well as for the evaluation of measurement uncertainty. Therefore, 
although the AMS2750 specification does not explicitly consider the 
evaluation of uncertainty, it is necessary to consider it as an implicit 
requirement in ISO/IEC 17025.

Measurement uncertainty is defined, according to the 
International Vocabulary of Metrology (VIM) [17], as a non-negative 
parameter that characterizes the dispersion of values attributed 
to a measurand. The Guide to the Expression of Uncertainty of 
Measurement (GUM) [18], published by the General Conference on 
Weights and Measures (Bureau International des Poids et Mesures, 
BIPM), is a document that provides a framework for the evaluation 
of measurement uncertainty. The GUM is used to evaluate measure-
ment uncertainty in a wide variety of fields, and provides guidance 
for the calculation of measurement uncertainty and its expression in 
technical and scientific reports. Document EA-4/02 [19] is a guide for 
the expression of measurement in calibration that is applicable to all 
fields of calibration. This document was drafted by the EA (European 
Accreditation) laboratory committee and aims to harmonize the 
evaluation of measurement uncertainty, establish its expression in 
calibration certificates, and assist accreditation bodies. An illustra-
tion of the assessment of uncertainty in temperature measurements 

T

http://thermalprocessing.com


24   MARCH 2025

is presented in reference [20].
The current research on the methodology for temperature unifor-

mity testing in thermal processing equipment focuses on improving 
the accuracy and efficiency of the process [21]. Improving process 
efficiency can take many forms, including reducing the amount of 
material waste, improving energy efficiency, extending process sen-
sor testing intervals, and improving process sensor reliability. One 
of the most studied topics is additive manufacturing, such as wire 
arc additive manufacturing processes [6], which reduce the ratio 
between the initial mass of material at the beginning of the manu-
facturing process and the final mass of the final product (buy-to-fly 
ratio) in a very significant way. In this sense, [22] estimates that addi-
tive manufacturing technology produces a significant reduction in 
the buy-to-fly ratio, minimized to 1:1. Regarding the improvement of 
energy efficiency, the study carried out in [23] on an industrial forging 
furnace shows a reduction in the opening time reduces the energy 
loss significantly, limiting fuel consumption and pollutant emissions.

Advanced computational simulations are used to optimize furnace 
designs and air circulation systems, ensuring a more uniform tem-
perature distribution. In [24], the authors evaluate the temperature 
uniformity of a laboratory oven according to the AMS2750 specifica-
tion. With the obtained data, a virtual model was created in Matlab® 
to obtain, by means of volumetric interpolation, the 3D temperature 
map. With this map, the stability and uniformity were optimized by 
reducing the working zone volume of the thermal processing equip-
ment. The study in [25] addressed the challenges of measurements 
in the high-temperature domain (above 1,000°C) in both contact and 
non-contact thermometry. The paper cited in [26] presents a three-
dimensional fluid dynamics model to simulate complex industrial 
furnaces. For this purpose, a numerical investigation of natural and 
forced convection heat transfer and airflow in an industrial furnace 
was carried out.

In addition, control and monitoring strategies have been investi-
gated to maintain a constant and uniform temperature during heat 
treatment [27,28]. More accurate and reliable methods of calibration 
and verification of temperature sensors are also being sought. These 
advances are aimed at ensuring quality and consistency in the pro-
cesses used in the aerospace industry.

In this article, the basic methodological aspects of a TUS carried 
out with the highest possible accuracy according to the AMS2750 
specification will be listed. The different uncertainty components 
that contribute to the standard uncertainty calculation will be ana-
lyzed and presented, assessing the possibility of reducing some of 
these components. Finally, the proposed method will be applied to 
four real cases of thermal processing. An oven, a type of thermal bath 
equipment, an autoclave, and a type of refrigeration equipment will 
be considered. The results obtained for these four types of thermal 
processing equipment will be presented.

2 MATERIALS AND METHODS
As presented in Figure 1, this section describes the materials used, the 
methodology carried out to perform the TUS, and to the process of 
analyzing the data to meet the AMS2750 requirements and ISO/IEC 
17025 criteria for generating calibration certificates.

2.1 Materials
Four different types of thermal processing equipment were select-
ed for the application of the methodology to systems with varying 
behaviors and working temperatures, with the aim of assessing the 
potential for reducing uncertainty components based on the obtained 
results. TUS was conducted for these four types of thermal equipment:

» 1) An oven with an electric heating mode and automatic tempera-

ture control: The oven had two control zones, each with a capacity of 
50kW, and dimensions of 1.15 m × 1.5 m × 1.2 m, providing a working 
zone volume of 1.2 m3. According to aircraft specification AMS2750, 
the oven was classified as class 2. The equipment was supplied with 
two control probes (C1 and C2), four recording probes (R11, R12, R21, 
and R22) and two safety probes (S1 and S2).

» 2)  An autoclave with an electric heating mode and automatic 
temperature control: It had dimensions of 1.0 m × 0.8 m × 1.7 m, with 
a working zone volume of 0.63 m3. According to aircraft specification 
AMS2750, the autoclave was classified as class 2 and was equipped 
with one process sensor. (C).

» 3) Thermal bath equipment with automatic temperature control 
and two process sensors (C and S): It had dimensions of 0.8 m × 0.6 m 
× 1.1 m, with a working zone volume of 0.5 m3. The equipment was 
supplied with one control probe (C) and one safety probe (S). According 
to aircraft specification AMS2750, the bath was classified as class 2.

» 4) Refrigeration equipment with automatic control: The equip-
ment was supplied with one control probe (C) and four recording 
probes (R1 and R2). It had dimensions of 3.0 m × 3.0 m × 2.5 m, with a 
working zone volume of 21.56 m3. According to aircraft specification 
AMS2750, the refrigeration equipment was classified as class 2.

These tests were carried out by the Electrical Metrology and 
Calibration Laboratory (EMCL) of the University of Cádiz, which 
has implemented an ISO/IEC 17025 system and is qualified by an 
accreditation body that is a member of the International Laboratory 
Accreditation Cooperation (ILAC). The laboratory is approved for con-

Figure 1: Methodology.
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ducting tests by the aerospace industry. The tests were conducted at 
the client’s facilities; therefore, all documentation regarding the ther-
mal processing equipment to be tested and the necessary materials 
was made available on-site. The following instrumentation was used:

»A data acquisition instrument Fluke Hydra 2638A Hydra Series 
III, with a measurement capacity of 40 channels. This data logger 
contained inputs for various types of thermocouples and provided 
direct temperature readings.

»A calibrated expendable metal base test thermocouples that met 
the specifications and requirements of the applicable specifications, 
selected based on the test temperature of the thermal processing 
equipment.

»A Fluke 971 Temperature Humidity Meter for measuring envi-
ronmental conditions.

All reference instrumentation used was calibrated with trace-
ability assurance and had a valid calibration certificate, meeting the 
requirements of the applicable specification.

Additionally, a laptop computer equipped with specialized soft-
ware for connecting to the data acquisition instrument, validated 

calculation software, and various tools were 
available.

For temperature measurement, the 
specification allowed for the use of different 
sensor types. However, to minimize inter-
ference with production cycles during test-
ing, expendable base metal thermocouples 
were employed. These thermocouples were 
purchased in the form of wire reels (Figure 
2a), with lengths that did not exceed the 
maximum length permitted by the relevant 
specification (610m). The calibration of the 
thermocouple reel was performed at both 
ends, ensuring the temperature range and 
corrections met the requirements outlined 
in the applicable aeronautical specification. 
To enhance the accuracy of the measure-
ments, the test thermocouples were required 
to adhere to tolerance class 1, as specified 
in the international standard IEC 60584-1 
[29]. Tolerance class 1 represents the lowest 
possible tolerance class for different types 
of thermocouples, with specific tolerance 
values ranging from 0.5°C for temperature 
values of minus-40°C to 0.4% of the tempera-
ture value up to 1,000°C (whichever value is 
higher). The type of thermocouple chosen 
for each type of thermal processing equip-
ment depends on the test temperature. The 
laboratory selected J-type thermocouples for 
the thermal bath equipment and autoclave, 
T-type thermocouples for the refrigeration 

equipment, and N-type thermocouples for the oven.
For the preparation of the sensors, thermocouple cable sections 

were cut to the necessary length based on available information about 
the dimensions of the equipment being tested. This was carried out 
in such a way that the reference instrument to which they were con-
nected remained separated from the thermal processing equipment 
and adequately ventilated during the test. The number of sensors was 
determined according to the requirements specified in the applicable 
standard specifications. For the thermal bath equipment, a set of min-
eral-insulated and sheathed thermocouples were used. Each sheath 
thermocouple was manufactured with a thermocouple from the same 
reel (Figure 2b). For the remaining thermal processing equipment, 
thermocouple wires were prepared. For each of the prepared ther-
mocouples, a junction was made (Figure 2c). Each thermocouple set 
was then gathered to ensure its preservation and to protect it from 
damage such as folding, excessive exposure to moisture, corrosion, 
abrasion, external damage, etc. (Figure 2d).

Each set of thermocouples was identified with a code that allowed 
for unequivocal tracing of the coil from which it originated and the 

Figure 2: Thermocouples used in the test: (a) wire reel expandable base metal thermocouple; (b) mineral-
insulated sheathed thermocouples; (c) thermocouple set; (d) thermocouple junctions.

Thermal	 AMS2750	 Working	 Test	 Thermocouple	 Sets of	 Number of	 Wire
Equipment 	 Classification	 Zone Volume	 Temperature	 Type	 Thermocouple	 Thermocouples	 Length
Oven 	 Class 2 	 1.2 m3 	 495.0° C 	 N-type 	 Wire 	 13 	 40 m
Autoclave 	 Class 2 	 0.63 m3 	 180.0° C 	 J-type 	 Wire 	 9 	 10 m
Thermal bath	 Class 2 	 0.5 m3 	 60.0° C 	 J-type 	 Sheathed 	 9 	 -- 
equipment
Refrigeration	 Class 2 	 21.6 m3 	 –23.0° C 	 T-type 	 Wire 	 19 	 18 m 
equipment

Table 1: Materials used in each test.
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type of thermocouple. The laboratory used a specific code for each 
type of thermocouple along with a sequential code, ensuring that, 
in the laboratory records, the code would be associated with the cor-
responding coil and its calibration certificate. Each thermocouple 
wire within the set was also individually identified. Sheathed ther-
mocouples used in the thermal bath equipment were also individu-
ally identified. Since aeronautical regulations stipulate a maximum 
number of uses for expendable thermocouples, the thermocouple set 
identification label was used on the reverse side to track the usage of 
the set. For each type of thermal processing equipment, the number 
of thermocouples was selected according to the applicable standard.

Table 1 summarizes the materials used for each test.

2.2 Environmental Conditions
The tests were required to be carried out under the normal operating 
conditions of the thermal processing equipment when used during 
production, with either real or simulated loads. For the oven test, a 
simulated production load was used (Figure 3). The environmental 
conditions in which the data acquisition system was located were 
verified to be within its working range. The Temperature Humidity 
Meter recorded a temperature within the range of 23°C, ±5°C and a 
relative humidity level of less than 70%.

2.3 Temperature Uniformity Survey
The thermocouples were prepared according to the specifications and 
placed into the thermal processing equipment by following the distri-
bution conforming to the dimensions that defined the qualified work-
ing zone volume. To secure the thermocouples in place, wire rope 
was used, ensuring the thermocouples would 
be free from any folds that could potentially 
damage them (Figure 4a,b).

The survey was conducted under normal 
thermal equipment operation conditions 
during production. All parameters used 
during the TUS reflected the normal opera-
tion of the equipment used during produc-
tion. Subsequently, in accordance with the 
normal operation of each type of equip-
ment, data collection commenced either 
prior to the first sensor reaching its lower 
tolerance limit or, if the temperature was 
pre-established, upon the introduction of 
the test load. Temperature readings from all 
test sensors were recorded 1 minute from the 
beginning of the survey. Correction factors, taken from the calibra-
tion certificates, were applied to both the test sensors and the test 
instruments to compensate for the temperature data. The correction 
factor in a calibration certificate represents the difference between 
the standard’s value and that of the instrument being calibrated at 
each calibration point. As a result, corrected temperature values (Tij) 
were obtained, where i represents the position of each test thermo-
couple (1 ≤ i ≤ n) and j represents the recording time from the initial 
instant (ts) to the final instant (tf). From the beginning of the trial to 
its completion, readings of the process indicators were recorded at 
1-minute intervals. The total trial duration (tf – ts) was divided into 
two intervals. The first interval was the stabilization time (ts ≤ j ≤ te), 
i.e., the time elapsed from the start of data logging until all the test 
and process thermocouples stabilized above the lower tolerance speci-
fied by the applicable specification (te). The second interval (te < j ≤ tf) 
corresponded to the time during which the uniformity and stability 
test was conducted. After stabilization, data collection continued for 
a minimum of 30 additional minutes.

AMS2750 specification established pass requirements for TUS. 
These requirements state each corrected reading of the test sensor 
(Tij) and process sensors must fall within the temperature tolerance 
requirements during the uniformity period (te < j < tf). Specifications 
for different types of thermal processing equipment may include the 
calculation of other parameters, such as:

» Temperature overshoot: The number of degrees above the upper 
temperature tolerance for the applicable thermal processing equip-
ment class by any sensor at any time.

» Recovery time: The elapsed time that the equipment, at the 
rated temperature, is loaded with the maximum load or a simulated 
representative of the production load, until it recovers the rated tem-
perature once again. In other words, it is the time it takes for the test 
and process sensors to achieve the applicable lower tolerance (te – ts).

» Lag time: The elapsed time between the first test or process sen-
sor and the last test or process sensor reaching the lower temperature 
tolerance.

» Relocation of hot or cold recording sensors: When the hot and 

Figure 3: Simulated load for the oven test.

Figure 4: (a) Location of thermocouples in the oven; (b) thermocouple-fixing detail to avoid folds.
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cold temperature locations change within the equipment based on the 
readings from the most recent test, the hot and cold recording sensors 
may need to be relocated to reflect the new hot and cold locations 
within each qualified work zone. Accreditation bodies require that 
laboratories with accreditation in temperature areas, in accordance 
with ISO/IEC 17025, assess the parameters for characterizing the ther-
mal processing equipment. The laboratory characterizes the thermal 
equipment through stability and uniformity parameters.

» Stability: the maximum difference, after stabilization, between 
the maximum and minimum temperatures at any point in the work-
space over a specified time interval, seen in Equation 1.

» Uniformity: the maximum difference between the maximum 
mean value and the minimum mean value for each position in the 
workspace, obtained over time after stabilization, seen in Equation 2.

2.4 Uncertainty Assessment
The AMS2750 specification does not explicitly state the need for 
uncertainty calculation. However, it does specify that pyrometry 
laboratories must have an ISO/IEC 17025 Quality System accredited 
by a regional body recognized by ILAC. Therefore, it is necessary to 
estimate the uncertainty of the measurements performed by analyz-
ing each component of uncertainty related to the thermal processing 
equipment, the instrumentation, and the method used.

Based on the calibration guide with uncertainty calculation for 
temperature-controlled chambers [30,31] and the calibration of tem-
perature block calibrators [32], the uncertainty calculation for the 
TUS was developed.

According to [18], the combined standard uncertainty uC(y) of any 
magnitude under evaluation y, calculated by a measurement function 
y = f(x1, x2, . . . , xN) from the measured values x1, x2, . . . , xN of some 
independent input variables, when they were not correlated to each 
other, was obtained in Equation 3:

where u(xi) is the standard uncertainty of the input variable xi, and 
the partial derivatives are the sensitivity coefficients ci.

The uncertainty u(xi) contribution of each input variable can be 
evaluated either as A-type (statistical analysis of series of observations) 
or as B-type (means other than the statistical analysis of repeated 
observations, e.g., based on manufacturer’s specifications or data 
provided in calibration certificates). Additionally, depending on its 
nature, every uncertainty term u(xi) is associated with a specific prob-
ability distribution (normal, rectangular, triangular, trapezoidal, etc.).

A-type uncertainty contributions uA(xi) are usually computed from 
a set of N experimental data points, which are treated as they were 

scattered according to a normal distribution. 
And B-type uncertainty contributions are 
evaluated through instrument specifications 
and standard calibration certificates.

Finally, this combined standard uncer-
tainty uC(y) was multiplied by a coverage fac-
tor k in order to obtain the final expanded 
uncertainty U(y):

2.4.1 Stability Uncertainty
Stability was assessed based on Equation 1, which calculated the maxi-
mum difference between the maximum and minimum corrected 
temperature values at each position.

The model used to calculate the stability at a specific position i 
was determined by subtracting the minimum temperature (Tmin,i) 
from the maximum temperature (Tmax,i) at that position, as seen in 
Equation 5:

The following corrections were taken into account: calibration 
correction, dTct, drift, dTdt and homogeneity, dTht of the thermocouple, 
calibration correction, dTcd, drift, dTdd and resolution and dTrd of the 
data acquisition instrument.

Grouping terms are in Equation 6:

Since temperature readings at position i were performed using the 
same measuring system, in the same position and under the same 
conditions, the uncertainty of the applicable corrections for the ther-
mocouple readings at position i, u(DdTSi) can be considered negligible.

However, for the estimation of stability uncertainty, the uncer-
tainty of the measurement system’s resolution was taken into account. 
For the overall stability of the equipment, the maximum value of TSi 
for all positions was considered, as described in Equation 7.

To determine the uncertainty of stability, the following compo-
nents, shown in Table 2, were considered:

» 1) Resolution uncertainty of the data acquisition instrument (Trd): 
This is the uncertainty associated with the digital displays. The actual 
reading was equally likely between the lower and upper limits, assum-
ing a rectangular distribution.

» 2) Stability uncertainty in different positions (TSn): Since stability 
was assessed at n different positions, for this component, the maxi-
mum standard deviation of the measurements at each position was 
considered, assuming a normal distribution.

Therefore, the expanded uncertainty of stability, with a coverage 
factor k = 2, is seen in Equation 8:

2.4.2 Uniformity Uncertainty
The model used to estimate the uniformity according to Equation 2 
is seen in Equation 9:

Table 2: Stability uncertainty components.

Equation 1

Equation 4

Equation 2
Equation 6

Equation 7

Equation 8

Equation 9

Equation 3

Uncertainty 	 Value (C)	  Distribution 	 Sensitivity	 Divider	 Standard
Sources 			   Coefficients		  Uncertainty
					      (k = 1) (K)
Data logger 	 Trd 	 rectangular 	 1	 3 
resolution
Stability 	 TSn 	 normal 	 1 	 1 	

Equation 5
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where the following corrections were taken 
into account: calibration correction, dTct, 
drift, dTdt and homogeneity, dTht of the ther-
mocouple, calibration correction, dTcd, drift, 
dTdd and resolution and dTrd of the data acqui-
sition instrument. Also, the equipment’s sta-
bility at each position and the correction of 
the equipment’s uniformity over time were 
considered.

For uncertainty assessment, the following 
components, summarized in Table 3, were 
considered:

» 1) Uncertainty of test thermocouples 
(Tct): All thermocouples used in the tests met 
the requirement of Class 1 tolerance accord-
ing to IEC 60584-1. This tolerance was consid-
ered as a rectangular distribution.

» 2) Thermocouple drift uncertainty (Tdt): 
This is the uncertainty associated with the 
use of thermocouples. It was obtained as the 
drift of the thermocouples between tests, 
assuming a rectangular distribution.

» 3)Uncertainty due to thermocouple 
inhomogeneity (Tht): This component was 
evaluated as the difference between the 
deviation in calibration at the beginning and 
end of the thermocouple reel obtained from 
the calibration certificate, and was consid-
ered as a rectangular distribution. Reference 
[33] examines the standard uncertainty to 
be considered for different types of thermo-
couples as representative of the contribution 
of thermocouple inhomogeneity in the test. 
The values of inhomogeneity in the new ther-
mocouple wire change as soon as the ther-
mocouple is used; this degradation depends 
on the operating conditions but can be quite 
rapid, especially for base metal thermocou-
ples. It is important to avoid bends in the 
thermocouple wires and to ensure proper 
storage between uses. The EURAMET tech-
nical guide [34] describes the basic technical 
requirements for laboratories performing 
the evaluation of the service life and drift/
stability of industrial thermocouples made 
of base and noble metals.

» 4) Calibration uncertainty of the data 
acquisition instrument (Tcd): This is the uncer-
tainty stated in the calibration certificate. The calibration of the instru-
ment includes the internal compensation junction as a component of 
uncertainty in the measurement. This uncertainty can be considered 
as a normal distribution. The uncertainty was provided with a confi-
dence level of 95% and a coverage factor k = 2.

» 5) Drift uncertainty of the data acquisition instrument (Tdd): 
The accuracy data specified by the manufacturer for a one-year 
period were used, understanding the instrument reading would fall  
within the upper and lower limits given by the specifications with 
equal probability. Therefore, it was considered as a rectangular dis-
tribution.

» 6) Resolution uncertainty of the data acquisition instrument (Trd): 
This is the uncertainty associated with the digital displays. The actual 
reading was equally likely between the lower and upper limits, assum-

ing a rectangular distribution.
» 7) Stability uncertainty in different positions (TSn): Since stability 

was assessed at n different positions, for this component, the maxi-
mum standard deviation of the measurements at each position was 
considered, assuming a normal distribution.

» 8) Uniformity uncertainty (TUt): the maximum standard devia-
tion obtained in each measurement record over time from te to tf, con-
sidered as a normal distribution.

Therefore, the expanded stability uncertainty, with a coverage 
factor k = 2, is seen in Equation 10:

Uncertainty 	 Value	 Distribution 	 Coefficients 	 Divider	 Standard
Sources	 (C) 		  Sensitivity		  Uncertainty
 					     (k = 1) (K)
Thermocouple 	 Tct 	 rectangular 	 1	 √3 
calibration
Thermocouple 	 Tdt 	 rectangular 	 1	 √3 
drift
Thermocouple 	 Tht 	 rectangular 	 1	 √3 
homogeneity 
Data acquisition	 Tcd 	 normal 	 1 	 2 
instrument 
calibration
Data acquisition	 Tdd	 rectangular	 1	 √3 
instrument drift
Data acquisition	 Trd 	 rectangular 	 1	 √3 
instrument 
resolution
Stability	 TSn 	 normal 	 1 	 1 

Uniformity 	 TUt 	 normal 	 1 	 1  

Table 3: Uniformity uncertainty components.

Figure 5: Test thermocouple temperature. (a) Oven; (b) autoclave; (c) thermal bath equipment; (d) 
refrigeration equipment.

Equation 10
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3 RESULTS
In the expression of the results, internationally accepted rounding 
rules in metrology [35] are applied, as indicated by the G revision of 
specification AMS2750. It is necessary to unify criteria in order to 
consistently consider measurement quantities and units according 
to the International System of Units adopted by BIPM.

The temperature measurements were taken according to the 
described methodology by logging temperatures from ts to tf in each 
position. Figure 5 shows the results obtained for test thermocouple 

readings, and Figure 6 shows the results 
obtained for process thermocouple readings.

3.1 Results According to AMS2750
The parameters necessary to meet the 
requirements of the AMS2750 specification 
were evaluated. The maximum and mini-
mum values of the test thermocouples at 
each position are provided (Table 4 for the 
oven, Table 5 for the autoclave, Table 6 for the 
bath, and Table 7 for the refrigeration equip-
ment). For the process and test thermocouple 
readings, it was verified that no overshoot 
occurred throughout the entire test period 
(ts to tf), and, once the thermal processing 
equipment had stabilized (te to tf), all of the 
readings fell within the equipment‘s toler-
ance range (Table 8 for the oven, Table 9 for 
the autoclave, Table 10 for the bath, and Table 
11 for the refrigeration equipment).

All of the obtained results met the 
requirements of the specification; thus, the 
TUS complied with AMS2750.

3.2 Stability and Uniformity Results
According to Equations 1 and 2, a calculation 
of stability and uniformity was made for each 
type of equipment (Table 12):

3.3. Uncertainty Results
Considering the uncertainty components 

shown in Table 2 and Table 3, and according 
to Equations 8 and 10, the uncertainty cal-
culations were performed for the results 
obtained for each type of thermal processing 
equipment. The stability uncertainty results 
are shown in Table 13, and the uniformity 
uncertainty results are shown in Table 14.

According to Equations 8 and 10, the uni-
formity- and stability-expanded uncertain-
ties of each type of thermal processing equip-
ment are shown in Table 15.

4 DISCUSSION
To analyze the results obtained regarding the 
uncertainties, the uncertainty components 
were grouped into three contributions:

» 1. Thermocouple uncertainty (UT), which 
groups together the components of thermo-
couple calibration, thermocouple drift and 
thermocouple homogeneity.

» 2. Data logger uncertainty (UD), which 
groups data logger calibration, data logger 

drifts, and data logger resolution.
» 3. Thermal processing equipment uncertainty (UF), which groups 

the components of stability and uniformity.
Table 16 shows the expanded uncertainty within each group and 

the percentage contribution of each of them to the expanded uncer-
tainty.

The results show the more significant uncertainty components 
in all types of thermal processing equipment were those associated 
with the thermocouple and the equipment (stability and unifor-

Figure 6: Process thermocouple temperature. (a) Oven; (b) autoclave; (c) thermal bath equipment; (d) 
refrigeration equipment.

Table 4: Summary of measurements from te (oven).

Table 6: Summary of measurements from te (thermal bath equipment).

Table 5: Summary of measurements from te (autoclave).

	 Location 1 	 Location 2 	 Location 3 	 Location 4 	 Location 5	  Location 6 	 Location 7 

Tmax 	 497.4 °C 	 497.2° C 	 497.0° C 	 495.4° C 	 497.5° C 	 497.4° C 	 496.9° C

Tmin  	 496.8° C 	 496.8° C 	 496.7° C 	 494.8° C 	 97.3° C 	 496.9° C 	 496.4° C

	 Location 8 	 Location 9 	 Location 10	  Location 11 	 Location 12	  Location 13

Tmax 	 497.1° C 	 497.2° C 	 496.9° C 	 497.5° C 	 495.1° C 	 496.6° C

Tmin 	 496.3° C 	 496.6° C 	 496.3° C 	 497.3° C 	 494.8° C 	 496.2° C

	 Location 1 	 Location 2 	 Location 3 	 Location 4 	 Location 5	  Location 6 	 Location 7 

Tmax 	 62.9° C 	 63.0° C 	 63.0° C 	 63.0° C 	 63.2° C 	 62.9° C 	 62.9° C

Tmin  	 60.4° C 	 60.4° C 	 60.4° C 	 60.4° C 	 60.6° C 	 60.0° C 	 60.0° C

	 Location 8 	 Location 9 	

Tmax 	 63.3° C 	 62.9° C 	

Tmin 	 60.6° C 	 60.1° C 	

	 Location 1 	 Location 2 	 Location 3 	 Location 4 	 Location 5	  Location 6 	 Location 7 

Tmax 	 184.3° C 	 184.6° C 	 183.3° C 	 184.5° C 	 182.9° C 	 183.5° C 	 184.1° C

Tmin  	 183.4° C 	 183.0° C 	 182.5° C 	 183.2° C 	 182.4° C 	 182.9° C 	 183.6° C

	 Location 8 	 Location 9 	

Tmax 	 63.3° C 	 62.9° C

Tmin 	 60.6° C 	 60.1° C
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mity), while the data logger uncertainty con-
tribution was less significant to the results 
of expanded uncertainty.

The thermocouple uncertainty contribu-
tion carried significant weight in the final 
value. As a percentage, it varied between 
30.1% in the refrigeration equipment and 
51.9% in the autoclave, and was the highest 
in all equipment types except for the refrig-
eration equipment. The calibration and drift 
uncertainty components were considered 
with the same value in all tests. The differ-
ence lay in the homogeneity component. 
The highest thermocouple uncertainty 
contribution was from the oven (2.1756 K). Thermocouples with 
higher homogeneity levels than in other tests were used for this 
test. Reducing the thermocouple components should be the goal of 
manufacturers. The uncertainty component of a test thermocouple 
(Tct) can be reduced by considering the calibration uncertainty of the 
thermocouple as a normal distribution. In this case, the thermocou-
ple calibration should be performed by laboratories that provide an 

uncertainty for test temperatures lower than the thermocouple’s tol-
erance class. The uncertainty due to thermocouple drift (Tdt) is asso-
ciated with its usage. The AMS2750 specification allows for the reuse 
of disposable thermocouples, but one way to reduce this component 
is to use thermocouples for a single application, although this would 
considerably increase the cost of the process. The uncertainty due 
to thermocouple inhomogeneity (Tht) can only be reduced through 

Table 7: Summary of measurements from te (refrigeration equipment).

	 Location 1 	 Location 2 	 Location 3 	 Location 4 	 Location 5	  Location 6 	 Location 7 

Tmax 	 –19.8° C 	 –19.7° C 	 –19.6° C 	 –20.5° C 	 –18.6° C 	 –18.7° C 	 –19.8° C

Tmin  	 –22.3° C 	 –22.2° C 	 –22.0° C 	 –22.0° C 	 –20.3° C 	 –20.6° C 	 –21.9° C

	 Location 8 	 Location 9 	 Location 10	  Location 11 	 Location 12	  Location 13	 Location 14

Tmax 	 –20.2° C 	 –20.2° C 	 –19.1° C 	 –20.1° C 	 –19.0° C 	 –19.6° C 	 –20.5° C

Tmin 	 –22.9° C 	 –23.1° C 	 –21.1° C 	 –23.3° C 	 –20.8° C 	 –21.3° C 	 –22.5° C

	 Location 15 	 Location 16 	 Location 17	  Location 18 	 Location 19	  

Tmax 	 –19.6° C 	 –19.8° C 	 –19.0° C 	 –20.7° C 	 –19.6° C 	

Tmin 	 –21.9° C 	 –20.8° C 	 –20.7° C 	 –23.3° C 	 –21.9° C 	

Table 8: Overshoot verification (oven).

	 Required 	 Obtained 	 Result

Overshoot 	 500.0° C 	 499.1° C 	 PASS

Tmax 	 500.0° C 	 497.5° C 	 PASS

Tmin 	 490.0° C 	 494.8° C 	 PASS

Table 9. Overshoot verification (autoclave).

	 Required 	 Obtained 	 Result

Overshoot 	 185.0° C 	 184.8° C 	 PASS

Tmax 	 185.0° C 	 184.7° C 	 PASS

Tmin 	 175.0° C 	 182.4° C 	 PASS

Table 10: Overshoot verification (thermal bath equipment).

	 Required 	 Obtained 	 Result

Overshoot 	 65.0° C 	 63.3° C 	 PASS

Tmax 	 65.0° C 	 63.3° C 	 PASS

Tmin 	 55.0° C 	 60.0° C 	 PASS

Table 11: Overshoot verification (refrigeration equipment).

	 Required 	 Obtained 	 Result

Overshoot 	 –28.0° C 	 –23.3° C 	 PASS

Tmax 	 –18.0° C 	 –18.1° C 	 PASS

Tmin 	 –28.0° C 	 –23.3° C 	 PASS

Table 12: Stability and uniformity results.

Thermal Equipment	 TS (°C) 	 TU (°C) 

Oven 	 0.7 	 0.3

Autoclave 	 1.6 	 0.7 

Thermal bath equipment 	 2.8 	 2.6

Refrigeration equipment	 3.2 	 2.3

Table 15: Stability- and uniformity-expanded uncertainty results.

Thermal Equipment	 U (TS) (K)	 U (TU) (K) 

Oven 	 0.4 	 3.1

Autoclave 	 0.9 	 2.7 

Thermal bath equipment 	 1.9 	 2.9

Refrigeration equipment	 1.8 	 3.5
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Table 13: Stability uncertainty results.

Table 16: Contribution of each uncertainty component to the expanded uncertainty.

Table 14: Uniformity uncertainty results.

Thermal Equipment 	 Uncertainty Sources 	 Value (°C) 	 Standard Uncertainty (k = 1) (K)
Oven 	 Data logger resolution	  0.1000 	 u(Trd ) = 0.0577 
	 Stability 	 0.1702 	 u(Tsn ) = 0.1702
Autoclave 	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
	 Stability 	 0.4125 	 u(Tsn ) = 0.4125
Thermal bath 	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
equipment 	 Stability 	 0.9052 	 u(Tsn ) = 0.9052
Refrigeration 	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
equipment 	 Stability 	 0.8611 	 u(Tsn) = 0.8611

Thermal Equipment 	 Thermocouple 	 Data Logger 	 Thermal Equipment
	 Uncertainty Contribution	 Uncertainty Contribution	 Uncertainty Contribution
	 UT 	 Ratio 	 UD 	 Ratio 	 UF 	 Ratio
Oven 	 2.1756 K 	 51.1% 	 1.2557 K	 17.0% 	 1.7168 K 	 31.8%
Autoclave 	 1.9117 K 	 51.9% 	 0.8648 K 	 10.6% 	 1.6246 K 	 37.5%
Thermal bath equipment	 1.9967 K 	 48.1% 	 0.7873 K 	 7.5% 	 1.9210 K 	 44.5% 
Refrigeration equipment	 1.9117 K 	 30.1% 	 1.0041 K 	 8.3% 	 2.7362 K 	 61.6% 

Thermal Equipment 	 Uncertainty Sources 	 Value (°C) 	 Standard Uncertainty (k = 1) (K)

Oven 	 Thermocouple calibration 	 1.5000 	 u(Tct ) = 0.8860	  
	 Thermocouple drift 	 0.7000 	 u(Tdt ) = 0.4041 
	 Thermocouple homogeneity 	 0.9000 	 u(Tht ) = 0.5196 
	 Data logger calibration 	 0.6000 	 u(Tcd ) = 0.3000 
	 Data logger drift 	 0.9500 	 u(Tdd ) = 0.5485| 
	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
	 Stability 	 0.1702 	 u(Tsn ) = 0.1702 
	 Uniformity 	 0.8414 	 u(Tut ) = 0.8414

Autoclave 	 Thermocouple calibration 	 1.5000 	 u(Tct ) = 0.8860	  
	 Thermocouple drift 	 0.7000 	 u(Tdt ) = 0.4041 
	 Thermocouple homogeneity 	 0.0300 	 u(Tht ) = 0.0173 
	 Data logger calibration 	 0.6000 	 u(Tcd ) = 0.3000 
	 Data logger drift 	 0.5300 	 u(Tdd ) = 0.3060 
	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
	 Stability 	 0.4125 	 u(Tsn ) = 0.4125		
	 Uniformity 	 0.6998 	 u(Tut ) = 0.6998

Thermal bath 	 Thermocouple calibration 	 1.5000 	 u(Tct) = 0.8860	  
equipment	 Thermocouple drift 	 0.7000 	 u(Tdt) = 0.4041 
	 Thermocouple homogeneity 	 0.5000 	 u(Tht) = 0.2887 
	 Data logger calibration 	 0.6000 	 u(Tcd) = 0.3000 
	 Data logger drift 	 0.4300 	 u(Tdd) = 0.2482| 
	 Data logger resolution 	 0.1000 	 u(Trd) = 0.0577 
	 Stability 	 0.9052 	 u(Tsn) = 0.9052 
	 Uniformity 	 0.3212 	 u(Tut) = 0.3212

Refrigeration 	 Thermocouple calibration 	 1.5000 	 u(Tct ) = 0.8860	  
equipment	 Thermocouple drift 	 0.7000 	 u(Tdt ) = 0.4041 
	 Thermocouple homogeneity 	 0.0600 	 u(Tht ) = 0.0346 
	 Data logger calibration 	 0.6000 	 u(Tcd ) = 0.3000 
	 Data logger drift 	 0.6900 	 u(Tdd ) = 0.3984| 
	 Data logger resolution 	 0.1000 	 u(Trd ) = 0.0577 
	 Stability 	 0.8611 	 u(Tsn ) = 1.8460 
	 Uniformity 	 1.0631 	 u(Tut ) = 1.1696
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improvements in the thermocouple manufacturing processes or by 
having reels shorter than the maximum length established in the 
aeronautical specification. The use of alternative sensor types with 
lower uncertainties is another aspect outlined in AMS2750 that the 
laboratory could explore.

The thermal processing equipment uncertainty contribution also 
carries significant weight in the result, and, as depicted in Table 16, 
it exhibits considerable variation among different equipment types. 
As a percentage, it varied between 31.8% in the oven and 61.6% in 
the refrigeration equipment. These values were contingent upon the 
characteristics of each equipment and its maintenance. In these tests, 
it was observed that the refrigeration equipment exhibited the high-
est value of the uncertainty component (2.7362 K) attributed to the 
equipment. Table 12 illustrates this equipment also demonstrated the 
highest levels of uniformity and stability (3.2°C and 2.3°C). Reducing 
this component (TS and TU) should be an objective of maintenance 
operations in industrial thermal processing equipment, achieved by 
enhancing their uniformity and stability.

Regarding the data logger instruments’ uncertainty components, 
both calibration (Tcd) and resolution components (Trd) had identical 
values across all tests. The variations in values among different types 
of thermal processing equipment are attributable to drift (Tdd). Drift 
components are more pronounced at high temperatures, as seen in 
the case of the oven (1.2557 K), as well as at low temperatures, as 
observed for the refrigeration equipment (1.0041 K). Improving the 
calibration procedure of the pyrometry laboratory and having trace-
ability that provides better uncertainties could reduce the calibration 
component (Tcd). The uncertainty of drift (Tdd) could be minimized by 
conducting control checks between tests and establishing the drift 
obtained in this process as the limit of uncertainty with a rectangular 
distribution. Nevertheless, this verification would lead to reduced 
laboratory availability to serve the industry.

5 CONCLUSIONS
The AMS2750 specification, in its G revision, does not require the 
calculation of uncertainty for different tests, but it does mandate 
that laboratories be accredited according to the ISO 17025 standard, 
which implicitly includes this calculation. The compliance with mea-
surement requirements only considers the measured value. It is pos-
sible that future revisions may also consider uncertainty, making 
it necessary to reduce these components and obtain more precise 
measurements.

Reducing thermocouples’ uncertainty components implies an 
enhancement of thermocouple manufacturing processes, while the 
reduction in data logger uncertainty components should be a goal 
for pyrometry laboratories. Similarly, a reduction in thermal equip-
ment uncertainty components implies improvements in equipment 
maintenance processes.

This type of study should also be conducted for the Instrument 
Calibration and System Accuracy Test included in the AMS2750 speci-
fication.
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