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Abstract 

 

The laser powder-bed fusion (LPBF) process is strongly influenced by the characteristics 

of the powder layer, including its thickness and thermal transport properties.  This paper presents 

an investigation of in-situ characterization of the powder layer using active infrared thermography.  

The printing laser beam is diffused and illuminates onto the powder bed’s top surface in various 

frequencies.  A long-wavelength thermal camera monitors the surface temperature history.  Insight 

is provided by a one-dimensional thermal model of the process, which shows the frequency 

dependence of the surface temperature amplitude and phase on the powder layer thickness and 

thermal properties. An experiment demonstrates the validity of this model and shows its potential 

for measuring local powder properties in-situ. 

 

1. Introduction 

 

The laser powder-bed fusion (LPBF) process has potential advantages for manufacturing 

products with higher dimensional accuracy and complex geometry [1].  In order to improve the 

quality of the printed products, in-situ inspection techniques have been widely used to study the 

effects of process parameters such as laser power and scan speed [2,3].  Although having attracted 

less attention, powder layer properties also affect the printing process and part quality significantly.  

For example, powder layer thickness influences the porosity [4,5], microhardness [6,7], surface 

roughness [8], strength, and elasticity [9,10] of the final part.  The powder bed also acts as a support 

for overhang and other complex structures.  The surface qualities of these structures are limited by 

the thermal properties of the powder bed.  In order to improve the finish and accuracy of the 

surface, the laser process parameters need to be optimized based on the knowledge of the local 

powder’s thermal conductivity [11]. 

 

The powder layer thickness can be monitored by using high-resolution optical imaging 

[12], optical coherence tomography (OCT) [13] or fringe projection [14].  The laser displacement 

approach has also been used to measure the local powder thickness [15].  However, these methods 

can only capture information about the powder bed surface profile.  The thermal conductivity of 

metal powders has been studied by using ex-situ hot wire [11], ex-situ laser flash [16], and in-situ 

reflectance measurement [17].  These techniques cannot obtain the powder geometry in-situ.  It is 

much more convenient to measure the powder’s layer thickness and thermal properties at the same 

time. 

 

Infrared thermography (IRT) is one of the nondestructive testing (NDT) techniques using 

the diffusion of heat through a material to evaluate the subsurface cracks or defects and coating 
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thicknesses [18].  Compared with other NDTs like hammer sounding and microwave radar, IRT 

has drawn more attention due to its advantages of real-time, contactless and wide-area 

measurements [19].  By using IRT, both thickness [20] and thermal properties [21] can be 

measured.  There are two different types of IRT including passive and active, which are based on 

different types of heating sources [22].  The passive IRT was used to measure the powder layer’s 

thickness in our previous work [23], which used the printed part beneath the powder layer as the 

heating source. 

 

This paper investigates an active IRT based technique to estimate the powder layer’s 

thickness and thermal properties.  The printing laser serves as the heating source.  By controlling 

the printing laser exposure time and hatch pattern, the powder layer is heated by absorbing the 

laser’s periodic illumination with respect to time.  The temperature history of the powder’s top 

surface is observed with a long wavelength infrared (LWIR) camera.  After analysis of the 

temperature history, the transient thermal response is correlated with the powder thickness and 

thermal properties.  A validating experiment is conducted for this correlation.  A heat transfer 

model (1D) is established to compare analytical predictions with experimental results. 

 

2. Experimental Setup 

 

Figure 1 illustrates the experimental setup with a long-wavelength infrared (LWIR) camera 

(FLIR A655sc) integrated with a commercial LPBF machine (Renishaw AM250).  A ZnSe 

window on the chamber allows the LWIR camera to observe the build plate from 15° off-normal.  

The LWIR camera has the resolution of 640×480 pixels, corresponding to a spatial resolution of 

325 µm for this configuration.  The spectral range of this LWIR camera is 7.5-14.0 µm.  The noise-

equivalent temperature difference (NETD) is 30 mK and the frame rate is 200 Hz (with zoom in 

640×120 pixels).  The camera reports the temperature of the scene assuming an emissivity of 0.95 

(gray-body approximation), which is not corrected for transmission through the window.  After 

transferring the temperature from time domain to frequency domain, the amplitude can be 

separated from the phase information.  This removes requirements for emissivity information and 

non-uniformity calibrations, significantly simplifying the instrumentation.  The laser is expanded 

by an optical diffuser (DG100×100-220, Thorlabs) and fixed 30 cm above the surface of the 

powder bed. 
 

 
Figure. 1. Illustration of the LPBF experimental setup including a LWIR camera. 
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In order to collect the temperature histories for various known powder thicknesses, simple 

gage specimens are printed with the Renishaw AM250.  They consist of 7 cuboid blocks (5×5 

mm2) with different elevations, h, from a printed datum plane.  After the specimen is printed, the 

wiper (recoater) then spreads new powder over the build plate including the specimen.  This gives 

a powder layer thickness that varies spatially with the height of the individual blocks.  The powder 

layer thickness is δ=h0-h, where h0 is the height above the datum of the build plane.  In this 

experiment h0=1 cm so that the highest specimen has δ=100 µm of powder above it.  The heights 

of the gage specimens and corresponding powder thicknesses are listed in Table 1.  The 

temperature of the build plate is constant at 50 °C. 
 

Table 1 The heights of seven different blocks and corresponding powder thicknesses 

n h [mm]  δ [µm] 

1 9.90  100 

2 9.85  150 

3 9.80  200 

4 9.75  250 

5 9.70  300 

6 9.65  350 

7 9.60  400 
 

Figure 2 shows the temperature history of a single pixel for the 200 W laser of AM250 

illuminating the sample 100 times at the frequency of 0.25 Hz, using 304L stainless steel powder 

with different layer thicknesses.  The powder used has particle diameters ranging between 15 and 

40 µm, with a mean diameter 25 µm.  The laser illuminating has a square wave.  As shown in Fig. 

2, from t ≈ 8 s the temperature of the powder starts to increase from around 50 °C and oscillates at 

0.25 Hz with the laser’s periodic illumination.  The laser is turned off after 100 cycles at t ≈ 408 s, 

and then the powder temperature begins to cool down. 

  
Figure. 2. Temperature history of a single pixel for (a) a periodic heating process at 0.25 Hz for 

100 times and the dash marked portion is shown in (b). 

 

The periodic temperature history can be fitted with a Fourier series by using linear least 

square regression as follows:   
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where T is temperature, t is time, Tn and φn are the amplitude and phase of the temperature at 

frequency fn.  Since the laser heating source has a square wave, the frequency fn is an odd integer 

multiplying the fundamental frequency f1 (e.g., 0.25 Hz).  tD is the power function of t with index 

D.  C, D, αn, and βn are fitting coefficients.  Then the amplitude and phase of the temperature are 
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An example fitting result is shown in Fig. 3.  After fitting the temperature history by using 

Eq. 1, the values of C, D, αn, and βn are determined.  Then the phases for different powder 

thicknesses at various frequencies can be obtained. 

 
Figure. 3. Comparison between experimental data with the fitting result for δ = 100 µm. 

 

Figure 4 shows the phases for different powder thicknesses at the first (fundamental) 

frequency of the square wave, f1 = 0.25 Hz.  It is obvious that the phase can be correlated to powder 

thickness with a monotone relationship: the larger the powder thickness, the smaller the phase 

angle.  This relationship can be used to predict the powder thickness using the phase difference 

between the periodic laser heating and the measured surface temperature. 

 
Figure. 4. Experimental correlation between phase and powder thickness with the fundamental 

frequency f1 = 0.25 Hz. 
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3. 1D Heat Transfer Model and Finite Difference Solution 

 

The powder surface temperature history can be predicted by modeling the thermal diffusion 

through the powder from the periodic laser heating.  Since the thickness of powder layer is much 

smaller than the lateral dimensions of the blocks (5 mm), it is reasonable to model the problem as 

1D heat transfer in z-direction.  The powder is evaluated as a continuous medium, with its thermal 

properties being temperature independent.  A schematic diagram of this model is shown in Fig. 

5(a), which shows a powder layer of thickness δ is in contact with a printed block.  A diffused 

laser with illumination heat flux qlaser in a square wave is emitted on the top surface of the powder, 

and it is assumed that the heat from the laser is completely absorbed by the powder (100% 

absorption).  A convection boundary condition is applied with h = 15 W/m2K.  The printed block 

is in perfect contact with the build plate, whose temperature is constant at 50 °C. The environment 

temperature is 30 °C. 

 

The heat transfer problem as described is governed by the following equation: 
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and the initial condition 

 ( )0 50= = T z,t C  (5) 

The thermal properties in Eq. (3) depend on the form of material, which may be either powder or 

printed block (denoted by the subscript, i, which is p for powder and b for block).  k, ρ and c are 

the effective thermal conductivity, density and specific heat of the material, respectively.  Their 

values are list in Table 2. 

 

Table 2 Material properties of 304L solid and powder 

Properties 304L Solid 304L Powder 

Density, ρ [kg/m3] 8030 4818 

Specific heat capacity, c [J/kg·K] 490 490 

Thermal conductivity, k [W/m·K] 16.2 0.269 

 

We solve the above heat transfer equation using the finite difference method.  Figure. 5(b) shows 

the laser heat flux intensity history in a square wave at 0.25 Hz.  Figure 5(c) shows the finite 

difference solution of powder surface temperature for 100 µm powder thickness. 
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Figure. 5. The 1D heat diffusion model: (a) model definition, (b) laser heating intensity and (c) 

powder surface temperature response. 

 

Since a square wave can be represented by a Fourier series with infinite terms in frequency 

domain, the linear heat transfer equation (3) also can be solved in frequency domain.  The finite 

difference solution of the 1D heat transfer equation in frequency domain is shown in Fig. 6 for 

varying powder thickness.  Figure 6(a) shows the phase vs. frequency relationship for different 

powder thicknesses from 100 µm to 400 µm.  The dispersion phases for f1 = 0.25 Hz are shown in 

Fig. 6(b), which also has a monotone relationship similar with the experimental result in Fig. 4. 
 

 
Figure. 6. The finite difference solution of the 1D heat diffusion model in frequency domain with 

varying powder thickness (a) in frequency domain and (b) for f1 = 0.25 Hz. 

 

The effect of powder thermal conductivity on the temperature phase is also studied, and 

the result is shown in Fig. 7(a).  This result denotes that all the phase values are dispersive in the 

frequency range of 0.25-2.00 Hz.  At the frequency f1 = 0.25 Hz, as shown in Fig. 7(b), the 

monotone relationship between the phase and the powder’s thermal conductivity shows the 

potential for using the phase to monitor in-situ the change in local powder thermal conductivity 

during the LPBF process. 
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Figure. 7. The finite difference solution of the 1D heat diffusion model in frequency domain with 

varying powder thermal conductivity (a) in frequency domain and (b) in 0.25 Hz. 

 

It should be noted that the square wave of laser heating results in the surface temperature 

that can be converted to a Fourier series with infinite terms, with each term corresponding to a 

different phase.  However, the amplitudes of higher-order terms are getting smaller and smaller.  

Because of their small amplitudes, plus the fact that they may be overwhelmed by the camera noise 

and powder temperature fluctuations in a real environment, these terms can be ignored in practical 

implementation. 

 

4. Conclusion 

This paper demonstrates the potential of using in-situ active thermography to predict the 

powder layer thickness and to estimate local powder layer thermal properties during the LPBF 

process.  We have achieved this goal by using an optical diffuser to expand the size of laser beam 

in a commercial LPBF machine (Renishaw AM 250).  A LWIR camera is used to measure the 

surface temperature resulted from square-wave laser illumination.  By analyzing the powder 

surface temperature history, a monotonic relationship between powder thickness and the phase 

between surface temperature and laser illumination is obtained at a low fundamental frequency (f1 

= 0.25 Hz). This phase relationship can be used to predict the powder thickness during the LPBF 

process.  The experimentally obtained relationship agrees with the relationship obtained from 

simulations by solving the 1D heat transfer model numerically in frequency domain.  Besides the 

prediction of powder thickness, the solution of the 1D heat transfer model also demonstrates the 

potential of using the active thermography with a LWIR camera to monitor change in powder 

thermal conductivity during the LPBF process. 

 

Our future work will include integrating the active thermography method with a machine 

learning method for improved predictions.  Machine learning could potentially result in better 

correlations of the phase obtained from the powder surface temperature measurement with powder 

thickness and also the powder’s thermal properties.  This is because the large mount of data 

associated with the large number of Fourier series terms can be incorporated into machine learning 

without any difficulty. 
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