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Abstract

This work presents the validation of the numerical simulations performed to

support the development of Non-Destructive Testing for parts produced by Ad-

ditive Manufacturing. The most common defects of these components are the

voids and delamination, for which the Active Transient Thermography is one

of the most reliable Non-Destructive Testing methods. However, a systematic

and scienti�c insight on the thermal phenomena involved on Active Transient

Thermography is needed to optimize the Non-Destructive Testing inspection

parameters. Several representative case studies were experimentally tested and

numerically simulated. For the case studies, samples of the polymeric material

Nylon PA-12 were produced by Fused Deposition Modelling. The commercial

code ANSYS is used for the calculation with the Finite Element Method of the

thermal transient problem, using a numerical model which includes the three

primary modes of heat transfer: conduction, convection, and radiation. Numer-

ical simulation allowed a deeper insight of the thermal phenomena involved in

the Non-Destructive Testing inspection, and it proves to be a useful tool for the

selection of Non-Destructive Testing parameters.
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1. Introduction

A considerable number of bene�ts related to additive manufacturing (AM)

are motivating a rising research interest for these technologies. A major ad-

vantage of AM is the ability to produce customized components, with complex

geometries without the general restrictions imposed by traditional manufactur-5

ing processes [1]. Despite its original application in rapid prototyping, for which

materials with lower mechanical properties were used, 3D-printers can currently

produce parts using several materials including metal [2, 3], ceramic [4] and

composite materials [5, 6, 7] allowing the production of parts for demanding

engineering solutions [8, 9].10

Regardless of new developments on the materials for AM, polymers still

one of the most widely used to produce 3D-printed components, with a no-

ticeable research commitment to the characterization of parts manufactured by

this technology [10]. Furthermore, the mechanical properties of the components

have been improved through the local control of the deposition orientation and15

density [11], layer thickness and feed rate [12].

The greatest advantage of this technology, the complex shapes that may re-

sult from an AM production, represents at the same time a great challenge in

the application of non-destructive testing (NDT) techniques [13]. Other chal-

lenges to NDT methods are the very low electrical and thermal conductivity of20

the polymeric materials. Despite some low conductivity, polymeric composite

parts may be inspected without contact by eddy currents [14, 15], a faster and

an image producer NDT technique should be target for such kind of inspec-

tions. The non-contact NDT technique that can overcome these limitations is

the active thermography. Active Transient Thermography (ATT) is an NDT25

technique that uses an Infra-red (IR) camera that records spatial and temporal

distribution of the temperature of the surface subject to a thermal gradient re-

sulting from a transient or alternate change [16, 17]. The thermal energy can

be transmitted by the direct contact between the specimen and a hot or cold

object during a controlled time or by means of a blast of hot air or coolant. In30

2



this technique a �ash tube or bulb is mostly used as the heat source. In the

experimental set-up the heat source can be on the same side as the IR camera

(re�ection) or on the opposite side (transmission), as depicted in �gure 1. The

presence of defects changes the local thermal conductivity of the specimen and

further disturbs the heat �ow which allows the possibility of their detection.35

Therefore, in a transmission test, a defect such as a delamination will cause the

temperature to rise more slowly on the monitored surface when compared to a

non-defect zone. The defect detection is possible during the decreasing of the

surface temperature where the region with defect has a decay rate lower than

the rest of the specimen [16].40

Figure 1: Schematic view of thermography inspection

NDT techniques usually require great e�ort and large number of experiments

to achieve appropriate probe design and testing conditions. However, the cost

e�ciency of the NDT methods can be improved through appropriate numerical

modelling. Aware of the advantages of using numerical models, several authors

developed works using the �nite element method to simulate the heat transfer45

phenomenon during thermography inspections. In those works, some commer-

cial codes as MSC-Marc package [18], ANSYS [19], Abaqus [20], and COMSOL

Multiphysics [21] were used. The numerical models were used to predict the de-

tectability of defects [18], identify the more appropriate inspection parameters

and optimise the evaluation process [22], estimate the defect size and shape [23],50

and foresee the frame that would best expose the defect [20].
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However, in all the referred models, some simplifying assumptions were used,

making the simulations quite di�erent comparing to the real experimental in-

spection conditions: the e�ect of the heat source is simulated by applying a

heat �ux on the surface of the specimen that is exposed to the incidence of light55

coming from the heat source; the heat �uxes were either uniform in the cases of

�at test specimens [18], or with a variable density, and the distribution values

had to be experimentally obtained in the case of curved panels [19]. Therefore,

these methodologies present a signi�cant limitation, namely, they can only be

used in the study of simple geometries and imply the existence of a great set of60

experimental testing whenever there are changes in the shape of the parts to be

inspected.

In this work, a FEM model developed in ANSYS to solve the heat transient

problem which covers the modelling of the radiating surfaces, including the

heat source, as opposed to surface �ux used by other authors [18, 19, 20, 21].65

With the proposed model, the view factors are calculated during the routine,

overcoming the di�culties regarding the complex geometry of the parts, which

are inherent to the AM technology.

2. Experimental procedure

2.1. Sample description70

As a result of the AM process, defects such as voids [24] and poor adhesion

of the layers [25] may occur during the material deposition. To reproduce these

common defects, the test specimen represented in �gure 2 was selected to con-

duct simulations and the correspondent experimental testing for the validation

of the numerical model. The specimen consists on a plate with a void created ar-75

ti�cially, located at the centre of the test sample. The samples were produced by

an Ultimaker3 Extended Fused Deposition Modelling (FDM) 3D-printer using

the polymeric material Nylon PA-12.

4



Figure 2: Test specimen for thermography evaluation

2.2. Experimental set-up

For the experimental procedure, two layouts were set for conducting both80

transmission and re�ection modes of inspection. Layout A, shown in �gure 3,

has one heat source placed perpendicular to the test specimen at 160 mm,

denoted by d in the scheme in �gure 1. This layout was used for experiments in

transmission mode, being the IR camera located on the rear side of the sample.

Layout B, depicted in �gure 3, has two heat sources positioned with a 35° angle,85

denoted by α in the scheme in �gure 1. This layout is prepared to perform

inspections in transmission and re�ection modes, as the infrared camera can be

placed on the same side of the heat sources (re�ection), or on the opposite side

(transmission).

Figure 3: Experimental set-up
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As heat sources, two Phillips IR300CH lamps of 300 W were used. The90

infrared camera Fluke Ti400 recorded the thermal response of the sample during

the inspection, being the technical speci�cations listed in table 1. The camera

works with a frame rate of 9 Hz, being this value appropriate to capture the

transients in the measure specimen, since the maximum variation of temperature

is 0.8° C/s.95

Table 1: Technical speci�cations of the IR camera Fluke Ti400

Temperature measurement range -20°C - 1200°C

Noise Equivalent Temperature Di�erence (NETD) 50 mK

Spectrum 7.5 � 14 µm

Accuracy ± 2° C

Spatial resolution (iFOV) 2.62 mRad

iFOV on the object 196 µm/pixel

2.3. Testing procedures

In order to have representative values for the validation of the numerical

model, three sets of experiments were conducted:

E1: Transmission test with 1 heat source (Layout A),

E2: Re�ection test with 2 heat sources (Layout B),100

E3: Transmission and re�ection test with 2 heat sources (Layout B).

Since temperature can only be measured at one surface each time, E3 pro-

cedure was pre-pared to move the camera to the opposite side of the sample at

successive tests to allow the shifting of the inspection mode (transmission and

re�ection). This procedure allows maintaining the test conditions (bulk tem-105

perature and initial temperature) as close as possible, so the identi�cation of

the parameters of the numerical model is done for both surfaces of the sample.

In all cases, the excitation time was 20 s, with the results being recorded

for 150 s. These values were considered the most adequate, producing the best
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results, during the preliminary experimental tests performed for this purpose.110

Bulk temperature and initial temperature of the specimen were also registered at

the beginning of every test. The following experiment would not begin before the

stabilization of the temperature of the sample con�rmed by a uniform measured

temperature distribution on the surface of the sample, typically obtained after

15 minutes.115

Both transmission and re�ection modes demonstrated to be able to easily

expose a defect with the stated characteristics, as depicted by �gure 4, where the

best contrast frame is presented for each evaluation mode. Nevertheless, higher

temperature di�erences were found for re�ection mode and the instant of the

best contrast occurs earlier than for the transmission mode. From the inspection120

point of view, re�ection mode is also preferable as access to the opposite surface

might not always be possible for transmission mode to be used. The higher

temperature di�erence for re�ection mode was 1.2° C at 47 s; In the case of the

transmission mode, the largest absolute contrast observed was 0.7° C at 53 s.

Figure 4: Frame of best temperature contrast achieved during experimental testing

3. Numerical model125

For the simulation of the ATT NDT procedure, the commercial code ANSYS

was used to calculate the �nite element solution of the transient thermal prob-

lem [26] involving three primary modes of heat transfer: conduction, convection,
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and radiation. In ANSYS is possible to perform a heat transient analysis in-

cluding the radiation using several methods [27]. One of these methods uses the130

radiation link element Link 31 for the calculation of the radiant heat transfer

between two points [28]. This method was used in the work of [29] for simulat-

ing the temperature �eld in the main re�ector of a radio telescope considering

multiple environmental parameters and self-shadows. For the radiation link ele-

ment, the e�ective radiating surface area and the view factor should be speci�ed135

by the user. An alternative method is using surface e�ect elements, for which

the view factor can be either calculated from the position of the elements or

given as an input, being limited to radiation transfer between an element and

a point [28]. Our goal nonetheless is to have the form factors calculated by the

code for to arbitrary surfaces radiating to each other, therefore the radiation140

matrix method is selected, which uses elements (Link 33) overlaying the bound-

aries of the mesh in the radiating surfaces of the 2D model as illustrated in

�gure 5.

Figure 5: Schematic representation of overlaying elements in the radiating surfaces for the

radiation matrix method (not in scale)

To model the heat transferred from the heat source to the test specimen,

the approach used here considers the heat transfer rate Q [W] between surfaces145

i and j, radiating to each other as determined by equation 1,

Qi =
1

1−εi
Aiεi

+ 1
AjFij

+
1−εj
Ajεj

σ(T 4
i − T 4

j ) (1)
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where A [m2] is the area of the surface, ε [-] is the e�ective emissivity and

σ [W/m2 ·K4] is the Stefan�Boltzmann constant. The view factor, Fij [-], is

de�ned as the fraction of total radiant energy that leaves surface i which arrives

directly on surface j can be expressed by equation 2,150

Fij =
1

Ai

∫
Ai

∫
Aj

cos θi cos θj
πr2

dAjdAi (2)

where r [m] is the distance between the di�erential surfaces, N is the surface

normal and θ [rad] is the angle between N and r. The sample was meshed using

8 node plane elements with a regular size of 0.25 mm. This value results in

a mapped mesh of 400×40 elements and was obtained after performing mesh

convergence tests. The selected mesh was considered su�ciently accurate when155

the numerical solution provided by the model presents negligible changes as the

mesh re�nement increases. Regarding time discretization, a time step of 0.1 s

was used to compute the analysis solution.

The prescribed boundary conditions are the nodal temperatures of the heat

source and the convection applied to all the surfaces of the modelled specimen.160

Since experimental procedures for transmission and re�ection modes were exe-

cuted separately, the �lm coe�cient (h), the bulk temperature (TB) and initial

temperature of the test specimen (Tp) had to be tuned to the values listed in

table 2 to be consistent to the corresponding environment conditions.

Table 2: Prescribed boundary conditions

Procedure Film coe�cient (h) Bulk temp. (TB) Initial temp. (Tp)

W/m2 ·°C °C °C

E1 12.5 20.9 21.4

E2 13.0 23.9 24.4

E3 10.5 24.5 24.4

The modelled sample and heat sources are assumed as grey di�use bod-165

ies with emissivity of 0.95. The specimen model is considered to have plane
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element behaviour and isotropic material properties that do not vary for the

analysis temperature range. The material properties for PA-12 of interest for

the purposes of heat transfer simulation are presented in table 3.

Table 3: PA-12 material properties for the temperature range of the NDT procedures

Conductivity (K) Density (ρ) Speci�c heat (Cp)

0.22 W/m2·K 1100 kg/m3 1590 J/kg·K

4. Results and Discussion170

The validation of the numerical model was performed by comparing the tem-

perature measurements during the experimental procedure E3 with the values

obtained in the simulation. The correlation between results was implemented

in two points depicted in �gure 2 � one point above the defect (point D) and

another at half distance between the edge of the defect and the end of the175

sample (point O). This positioning corresponds to a distance between points of

27.5 mm.

In �gure 6 are depicted the time history of the temperature measured for

re�ection and transmission modes. To observe thereafter the shadowed regions

correspond to the representation of the results of several experiments, and the180

solid line corresponds to the average of the measurements. Both simulation

results show a good correlation with the experimental data. For the re�ection

mode simulation, the peak temperature is 31.98° C and occurs at 20 s, corre-

spondent to the �nal period of excitation. Furthermore, the relative deviation

of the simulation results is below 4.8% for re�ection and transmission modes.185

In the point of view of the thermography inspection process, the detection

of the defects is visible due to the contrast presented. Mathematically this is

achieved with di�erence of the temperature between point D and point O, being

plotted in �gure 7 for re�ection and transmission modes. Again, both simulation

results show a good correlation with the experimental data, being the relative190
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Figure 6: Temperature vs Time during experimental procedure E3 and numerical simulation

deviation at the maximum temperature di�erence below 8.6%. Consequently,

the numerical model correspondent to experimental procedure E3 is validated.

With a validation completed for E3 procedure, a suitability of the model

for di�erent inspection conditions was veri�ed, comparing the thermal contrast

for the E2 and E1 procedures. The temperature di�erences for re�ection and195

transmission modes are plotted in �gure 8. Once more, a good correlation of the

simulation results with the experimental data was achieved, being the relative

deviation at the maximum temperature di�erence below 7.9%.
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Figure 7: Temperature di�erence vs Time during experimental procedure E3 and numerical

simulations

An additional output is an insight of the temperature distribution of the

test sample and the temperature pro�le for the surface inspected for each time200

instant. For the time instant of maximum contrast for rear surface (50 s),

which is presented in �gure 9 for E1 procedure and simulation results with

the presented model (straight line) and with a simpli�ed model (dash line), is

possible to detect not only the location of the defect but also the length of it,

due to the clear temperature variation in its region. For the same instant, the205

temperature scattering inside the specimen is illustrated in �gure 10.
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Figure 8: Temperature di�erence vs Time during experimental procedures E2 and E1 and

numerical simulations

The simpli�ed model used a uniform heat �ux, corroborating the better

curve �tted along the surface presented with the proposed model that includes

the radiation. Moreover, the specimen used here has a �at geometry, but the

heat source in experimental procedure E1 is very close leading to a non-uniform210

heat �ux, concentrated in the incidence area. This heat �ux distribution is

better described when the radiation matrix method is used for the calculation

of the view factors between the surfaces. When the simulation of the inspec-
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Figure 9: Temperature pro�le of rear surface of the specimen after 50 s of experimental

procedure E1 and numerical simulation

Figure 10: Simulated temperature distribution inside the test specimen after 50 s

tion of more complex geometries is required, for which the incident heat �ux

along the surface is hard to perceive beforehand, the importance of using this215

method increases substantially. A comparison between the simulation for the

NDT inspection of a curved plate with the proposed model versus the simpli�ed

model with a uniform heat �ux is made. For the simulations, one heat source

is positioned at the distance used in Layout A. In table 4 are represented the

temperature distributions after 20 s (end of excitation time) and for the time220

instant correspondent to maximum contrast (50 s) for radiation and heat �ux

models. For the end of excitation time, since the heat �ux is not uniform along

the surface and the temperature is superior at the centre (closer to the heat
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source), the displayed results reveal that the proposed model is more realistic.

Although a non-uniform heat �ux may be applied, the dependency of experi-225

mental data when changes are made to geometry of the testing component make

this method unsuitable for the development of tools to support the selection of

the appropriate inspection parameters for generalized AM products. For the

time instant correspondent to maximum contrast (50 s), the temperature distri-

butions for both models evince the di�erences of the thermal response. It can be230

observed that notwithstanding the bigger temperature increase in the radiation

model, a clearer contrast is obtained in the simpli�ed model which could result

in misleading conclusion on the detectability of the defect.

Table 4: Simulated temperature distribution for a curved test specimen

5. Conclusions

In this work is presented a �nite element model that considers the three235

primary modes of heat transfer to simulate the transient of an active thermog-
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raphy Non-Destructive Testing inspection method for polymer parts produced

by Additive Manufacturing technology. The numerical model presented rel-

ative deviations below 8.6% for di�erent experimental inspection procedures

conducted here, being thereby validated. Furthermore, the presented model in-240

cludes the radiation phenomenon, being the great importance of the proposed

model examined with the simulation of the inspection of complex geometries

that are common to obtain with Additive Manufacturing technology. Compar-

ison between simulation results of the proposed model and a simpli�ed model

using a uniform heat �ux emphasize the importance of including the radia-245

tion to obtain more realistic thermal responses from the testing samples. The

proposed numerical model is the backbone of the methodology to simulate the

transient heat transfer of parts with complex geometry in order to be applied

in the development of improved inspection tools.
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