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 A B S T R A C T

Additive manufacturing (AM) can produce materials with complex geometries and lightweight structures, 
but unlike conventional processes, it can introduce defects such as porosity and phase inhomogeneity that 
can degrade thermal behavior and lead to unpredictable heating across applications. Because a material’s 
thermal properties are highly sensitive to defects and microstructure, measurements of thermal conductivity, 
emissivity, and melting temperature provide a powerful, non-contact metrology method to evaluate the quality 
of AM materials. In this study, we employ laser-based diagnostics on a series of AM 316L stainless-steel 
samples, measuring thermal conductivity, emissivity, and solidus/liquidus temperatures. Thermal conductivity 
is calculated by two different steady-state methods: a commercial Thermo-Optical Plane Source (TOPS; Laser 
Thermal) and a new technique introduced in this work, Steady-State Laser-Induced Thermographic Radiometry 
(SSLITHER). Our results indicate that the effective thermal conductivity in AM parts decreases by 20%–50%, 
depending on the printing settings, largely driven by the changes in the relative densities of the samples and by 
defects introduced during the printing process. We found that low-density samples exhibit lower performance 
at high temperatures, showing depressed solidus and liquidus temperatures and altered emissivity caused by 
oxygen content trapped within lack of fusion regions, which modifies surface radiative properties. After laser-
induced melting and resolidification (which increases density and forces oxygen out), the effective thermal 
conductivity and melting temperatures increase, and emissivity is restored. Our work presents the potential 
for laser-based thermal conductivity, emissivity, and melting temperature measurements as tools for evaluating 
and improving the performance of AM materials.
1. Introduction

Additive Manufacturing (AM), the process of building materials and 
structures layer by layer, has gained popularity in recent years due to its 
ability to create complex geometries, lightweight structures, and reduce 
material waste, thus enabling rapid production [1]. This innovative 
technology has become essential in industries such as aerospace and 
electronics, where design freedom, reduced weight, and cost-effective 
production are highly valued.
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Although AM is demonstrating potential as a game-changer for 
many technologies and applications, it also carries its drawbacks. Fab-
rication parameters such as laser power (𝑃 ), scan speed (𝑣), hatch 
spacing (ℎ), and powder layer thickness (𝑡) play a critical role in de-
termining the final density of additively manufactured parts [2]. These 
parameters define the volumetric energy density (𝐸𝑑 = 𝑃∕𝑣ℎ𝑡) applied 
during printing, which directly affects the material’s final density [3]. 
However, despite careful parameter optimization, AM processes remain 
prone to manufacturing defects, including high porosity, cracks, and 
lack of fusion (LOF) regions. These defects can significantly affect 
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the performance and reliability of the additively manufactured parts. 
For example, the mechanical properties of AM materials have been 
extensively studied in direct comparison with cast components [4–7], 
where parts produced by selective laser melting (SLM) typically exhibit 
lower fracture strain [4] and shorter fatigue lifetimes [6], primarily 
driven by differences in defects and microstructure.

In contrast, fewer studies have focused on the thermal proper-
ties of additively manufactured materials. These properties are critical 
in applications where thermal management and stability under ex-
treme conditions are essential, such as aircraft heat exchangers for air 
conditioning radiators [1], engine oil coolers [8], aircraft engine com-
ponents for high-temperature combustion chambers [9], and nuclear 
fuel cladding [10]. In particular, thermal conductivity (𝜅) of additively 
manufactured materials is crucial for understanding and optimizing 
material performance in such demanding environments.

The thermal conductivity of materials is influenced by the material’s 
defects and microstructure, which, on the nanoscopic level, leads to 
increased thermal carrier (electrons and phonons) scattering events 
that reduce the efficacy of heat transfer [11–14]. Common defects 
in AM parts, such as porosity [15–17] and lack of fusion (LOF) [18,
19], reduce the thermal conductivity of the proximate region, lead-
ing to heat localization and temperature gradients, and concomitant 
thermo-mechanical failure. Thus, accurate measurements of the ther-
mal conductivity and other thermal properties that are related to 
thermal carrier scattering rate changes are critical to mitigate these 
aforementioned thermal challenges.

Further, as the thermal conductivity of materials is directly re-
lated to defect concentrations, several prior works have demonstrated 
that the thermal conductivity of materials can be used as a surrogate 
probe to qualitatively detect changes in defect density that otherwise 
are only detectable with more invasive, destructive, or obfuscative 
methods [13,20–23]. These works highlight the potential for thermal 
property measurements as a metric of quality control assessments to 
detect micro-defects in AM components [24].

Previous research has measured the thermal conductivity of pre-
cursor AM powders and parts using contact-based measurement tech-
niques [25–27]. These methods, however, have poor spatial resolution 
and are unable to capture microstructural variations. Moreover, the 
presence of contact resistance can introduce significant errors [28], 
particularly when measuring samples with rough surfaces [29]. Thus, 
non-contact thermal conductivity methods offer immense potential for 
accurately evaluating AM materials by alleviating these aforementioned 
limitations of contact-based techniques.

For example, pump–probe thermoreflectance techniques, such as 
time-domain, frequency-domain and steady-state thermoreflectance
(TDTR [30], FDTR [31], and SSTR [32], respectively) are all based 
on the same principle, where the temperature changes on a sample 
surface induced from a pump laser are measured as a change in the 
probe laser reflectivity. In the most common implementations of TDTR, 
FDTR and SSTR, the focused laser spot sizes are on the order of tens 
of μm, and thus the measurement’s ‘‘voxel’’ is on the order of this 
spot size in any areal or depth dimension. Thus, while these relatively 
localized volumes can provide invaluable information about surface-
localized changes in the thermal properties, as reported by Simmons 
et al. [24], these near-surface thermal properties are not necessarily 
representative of the averaged thermal transport properties in the bulk 
of the material. While Laser Flash Analysis (LFA) offers a measurement 
of the average thermal diffusivity through the entire depth of the AM 
part; this makes LFA incapable of detecting local variations in thermal 
conductivity caused by micro-structural heterogeneity. Additionally, 
this method relies on separately measured heat capacity, which can 
introduce error in the final thermal conductivity [33].

In this work, we demonstrate the use of two different infrared 
thermography (IRT) approaches operating under steady-state thermal 
gradient conditions to directly measure the thermal conductivity of 
AM 316L stainless steel (i.e., these steady state conditions permit a 
2 
Fig. 1. Samples: (a) 316L-M, (b) 316L-AM-HD, (c) 316L-AM-LD1, built with 
settings described in Table  1.

thermal conductivity measurement without a priori knowledge of the 
material’s specific heat or density), while also providing thermal mea-
surement volumes with voxel dimensions of hundreds of micrometers 
up to several millimeters. Most IRT-based techniques applied to AM 
materials and processes focus on measuring temperature distributions 
during printing, analyzing thermal gradients that cause microstructure 
formation (>100 μm), and observing the melting and re-solidification 
processes in layer-by-layer fabrication [34–38]. However, these studies 
primarily examine large surface areas, lacking the precision necessary 
to detect micro-defects.

The first technique we employ in this work, Steady-State Laser-
Induced Thermographic Radiometry (SSLITHER), which is a derivative 
of our recently developed Steady-State Temperature Differential Ra-
diometry (SSTDR) [39], offers a more localized heating spot and higher 
resolution (on the order of 100’s of micrometers), bridging the gap in 
spatial resolution between thermoreflectance techniques that operate 
on the micrometer scale and more traditional IRT and LFA approaches 
that operate at the millimeter scale. We then turn to our recently 
developed Thermo-Optical Plane Source (TOPS) technique using a 
commercialized TOPS instrument from Laser Thermal (LT) [40].

Laser Thermal’s TOPS system operates with measurement voxel 
volumes on the order of millimeters, thus offering comparative sam-
pling volumes as traditional IRT and LFA techniques. However, TOPS 
operates under steady-state conditions during continuous wave laser 
heating, similar to SSLITHER, thus providing a direct measurement 
of thermal conductivity. The agreement between our SSLITHER and 
TOPS measurements demonstrates promise for these steady-state ther-
mometry methods as tools to measure the thermal conductivity of AM 
materials and evaluate the post-manufacturing quality of AM parts. 
Because the AM samples contain porosity, and lack of fusion defects, 
the values reported here should be interpreted as effective thermal 
conductivity, 𝜅𝑒𝑓𝑓 , rather than the intrinsic thermal conductivity of 
fully dense 316L stainless steel.

To supplement our SSLITHER and TOPS thermal conductivity mea-
surements, we measured the spectral emissivity of the 316L SS samples 
at room temperature (from 2−5 μm) and at high temperature at the 
liquidus temperature (from 0.5−1.0 μm). This allows us to evaluate the 
solidus and liquidus temperatures of 316L SS, demonstrating that the 
AM part with more defects exhibits a lower solidus and liquidus than 
higher quality AM and machined 316L SS, which correlates with our 
thermal conductivity measurements in that the lower density AM part 
has a reduced effective thermal conductivity and melting temperature.

After melting the lower quality AM part, subsequent measurements 
of thermal conductivity, solidus, and liquidus temperatures increase to 
those of the higher quality AM. This indicates the potential for local 
non-contact thermal conductivity measurements to identify low-quality 
regions in AM parts and subsequent laser heating to repair and increase 
the quality of these identified regions.

2. Samples

Samples of 316L stainless steel were prepared using different fabri-
cation methods and parameter sets. Pictures of the samples are shown 
in Fig.  1. The samples are classified as 316L-M (316L Stainless Steel, 
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Fig. 2. SEM: (a) 316L-M, (b) 316L-AM-HD, (c) 316L-AM-LD1. Low density 
samples experience large defect areas (∼100 μm) in comparison with high 
density samples (∼20 μm).

Table 1
Processing parameters for high- and low-density samples.
 Parameter Description High density Low density 
 𝑃 Power (W) 113 80  
 𝑣 Velocity (mms−1) 1400 1727  
 ℎ Hatch (μm) 50 50  
 𝑡 Layer thickness (μm) 30 30  

Fig. 3. (a) Schematic of SSLITHER experiment. A low-frequency modulated 
green laser periodically heats the sample. The resulting surface temperature 
response is recorded by a lock-in infrared camera (2–5 μm). (b) Sample surface 
temperature versus time measured by the IR camera. The periodic heating and 
cooling cycles are synchronized to the laser modulation.  (For interpretation 
of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

Machined), 316L-AM-HD (316L Stainless Steel, Additive Manufactured, 
High Density), and 316L-AM-LD (316L Stainless Steel, Additive Manu-
factured, Low Density); note, three different 316L-AM-LD samples were 
fabricated under identical conditions, which we denote as 316L-AM-
LD-1, -2, and -3. The 316L-AM-HD sample was fabricated using the 
parameter set shown in Table  1, which employed higher laser power 
and slower scan speeds. This combination resulted in better melting and 
uniform solidification, producing higher density samples. In contrast, 
the 316L-AM-LD samples were fabricated using higher scan speeds 
and lower energy inputs (Table  1) under the high density tab. These 
conditions led to incomplete melting areas and higher porosity.  All 
samples are 400 mm diameter and 5 mm thickness.

Scanning Electron Microscopy (SEM) images of 316L-AM-HD and 
316L-AM-LD-1, compared to a bulk machined reference, are presented 
in Fig.  2. These micrographs highlight the differences in microstructure 
and porosity between the parameter sets, where the high density AM 
sample exhibits relatively smaller pores (∼15 μm, Fig.  2b) as compared 
to the lower density AM sample, which shows larger pores, cracks, and 
lack of fusion (LOF) regions that range from 15 to 150 μm.

3. Methodology

3.1. Thermal conductivity measurements with SSLITHER

A schematic of the Steady-State Laser-Induced THErmographic Ra-
diometry (SSLITHER) technique built in this work is shown in Fig.  3. 
SSLITHER operates by inducing a steady-state temperature gradient via 
3 
Fig. 4. Steady state temperature profiles of machined, high density AM and 
low density AM samples measured by infrared thermography under continuous 
laser heating. The high temperature of the porous layer in 316L-AM-LD1 and 
316-AM-LD2 comes from the hot plate; this does not affect our measurements 
as the laser spot does not cover those areas.

laser heating the sample surface and measuring the radial temperature 
profile of the sample on the same side as the laser heating event. 
Thus, the key experimental parameters in an SSLITHER experiment are 
the laser power and measurement of radial surface temperature. We 
employ a green laser with a wavelength of 532 nm.  The IR camera 
used in this study (Infratec ImageIR 8380) has a spectral range of 2.5 
to 5.5 μm and provides a spatial resolution of 15 μm per pixel. The 
laser was modulated at low frequency, and lock-in acquisition of the IR 
camera signal was used to isolate the laser temperature rise from the 
background and camera noise. The resulting temperature field reaches 
a stable periodic response, as shown in 3b. We used two different spot 
sizes, 300 μm and 700 μm; both spot sizes gave the same effective 
thermal conductivity,  a resolution of 15 μm per pixel corresponds to 
approximately 20 and 47 pixels across the beam diameter, respectively, 
which provides sufficient spatial sampling of the heated region and 
surrounding radial profile. Laser power was 0.55 W to ensure the 
temperature rise was detectable by the IR camera while remaining low 
enough that the laser only slightly perturbs the sample temperature, so 
the thermal conductivity can be assumed constant within the imposed 
temperature gradient.

The IR camera has a minimum temperature detection of −10 ◦C, 
for a blackbody like surface (emissivity of unity). In our experiments, 
stainless steel has a much lower emissivity (0.18–0.22 in the camera 
wavelength range) and therefore emits less infrared radiation than 
a blackbody at the same temperature [41]. To obtain temperature 
readings, the samples were heated on a laboratory hot plate with 
closed-loop temperature control set at 70 ◦C. However, the samples 
reach a temperature around 40 ◦C, this difference is attributed to ther-
mal contact resistance between the sample and the hot plate, heat loss 
to the surroundings, and the low emissivity of stainless steel. Thus, the 
SSLITHER-measured  the effective thermal conductivity reported here 
corresponds to a sample temperature of about 40 ◦C.

Spatially resolved temperature maps of the samples show how heat 
propagation can vary in the differing AM manufactured materials, as 
shown in Fig.  4. In denser samples, heat spreads more uniformly, while 
in porous samples, the heat flow varies due to the presence of defects 
and irregularities within the material.

To accurately determine the true temperature from the IR camera, 
we performed infrared variable angle spectroscopic ellipsometry (IR-
VASE Mark II, J.A. Woollam) to measure the infrared emissivity. We 
used IR-VASE to measure the complex refractive index and determine 
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Fig. 5. (a) Real (𝜀1) and imaginary (𝜀2) components of the dielectric function 
for the 316L-AM-HD in the spectral range of the IR camera measured via IR-
VASE. (b) absorption as a function of wavelength across the camera’s detection 
band.

the complex dielectric function over the wavelength range of the IR 
camera (𝜀1, 𝜀2), as described in Eq. (1). The complex dielectric function 
was measured at different angles and at different sample rotations 
to take into account surface heterogeneity. The complex dielectric 
function for sample 316L-AM-HD is shown in Fig.  5a, these values were 
then used to calculate the spectral emissivity via the Fresnel equations, 
Eq. (2). Finally, the total emissivity over the wavelength range of the IR 
camera (from 2.0 μm to 5 μm), Fig.  5b, was determined using Planck’s 
law. The ratio of the integration of the spectral radiance of the sample 
to that of a blackbody gives the total (normal) emissivity over the wave-
length range of the camera.  For 316L-AM-M and 316L-AM-HD, the 
spectral emissivity is 0.18 ± 0.002, which aligns with literature [42,43], 
and for 316L-AM-LD the spectral emissivity is 0.21 ± 0.01. 
𝑛̃ − 𝑖𝑘 =

√

𝜀̃ =
√

𝜀1 + 𝑖𝜀2, (1)

𝜖𝜆 = 1 − 𝑅(𝜆) = 1 −
[

𝑛̃(𝜆) − 1
𝑛̃(𝜆) + 1

]2
. (2)

Once the true temperature as a function of radius is determined, 
a mathematical model was employed to fit the radial temperature 
distribution under steady-state conditions. This model determines a 
temperature differential (𝛥𝑇 ) that can be used to calculate the thermal 
conductivity (𝜅) by fitting the model to the experimental data. The 
predicted temperature differential induced from the laser heating is 
based on the heat equation in cylindrical coordinates:
4 
𝜕2𝑇
𝜕𝑟2

(𝑟, 𝑧, 𝑡) + 1
𝑟
𝜕𝑇
𝜕𝑟

(𝑟, 𝑧, 𝑡) + 𝜕2𝑇
𝜕𝑧2

(𝑟, 𝑧, 𝑡)

+𝑆
𝜅
(𝑟, 𝑧, 𝑡) = 1

𝛼
𝜕𝑇
𝜕𝑡

. (3)

Here, 𝑆 is the total heat flux as a function of 𝑟, 𝑧, and 𝑡, 𝜅 is 
the thermal conductivity, and 𝛼 denotes the thermal diffusivity. When 
considering only temperature under steady-state conditions (𝜕𝑇 ∕𝜕𝑡 =
0), Eq. (3) simplifies to: 
1
𝑟
𝑑
𝑑𝑟

(

𝑟 𝑑𝑇
𝑑𝑟

)

+
(

𝑑2𝑇
𝑑𝑧2

)

= −
𝑄(𝑟)
𝜅

, (4)

where 𝑄 represents the heat source generated by a laser with a Gaussian 
profile, expressed as: 

𝑄(𝑟) =
2𝑝
𝜋𝑟2𝑜

𝑒𝑥𝑝

(

−2𝑟2

𝑟2𝑜

)

. (5)

In Eq. (5), 𝑝 denotes the incident laser power in Watts, and 𝑟𝑜
represents the 1∕𝑒2 laser radius.  Because sample dimensions are much 
larger than both the laser spot size and the radial distance over which 
the temperature profile is analyzed, the problem is consider semi-
infinite and we impose an insulated boundary condition at the radial 
edge (𝑟 = 𝑅) and specify a heat flux boundary condition at the surface 
𝑧 = 0 to solve Eq. (4). These are expressed as: 
𝜕𝑇
𝜕𝑟

|

|

|

|𝑟=𝑅
= 0, −𝜅 𝜕𝑇

𝜕𝑧
|

|

|

|𝑧=0
= 𝑄(𝑟). (6)

This formalism is readily solved with zero-order Hankel transform 
for temperature and heat flux, given by: 

𝑇 (𝜆, 𝑧) = ∫

∞

0
𝑇 (𝑟, 𝑧)𝐽0(𝜆𝑟)𝑟𝑑𝑟, (7a)

𝑄(𝜆) = ∫

∞

0
𝑄(𝑟, 𝑧)𝐽0(𝜆𝑟)𝑟𝑑𝑟. (7b)

The Hankel Transformation for the terms on the left side of Eq. (4) 
is: 
𝐻0

[1
𝑟
𝜕
𝜕𝑟

(

𝑟 𝜕𝑇
𝜕𝑟

)]

= ∫

∞

0
𝑟𝐽0(𝜆𝑟)

[ 1
𝑟
𝜕
𝜕𝑟

(

𝑟 𝜕𝑇
𝜕𝑟

)]

𝑑𝑟 = −𝜆2𝑇 ,
(8a)

𝐻0

[ 𝜕𝑇
𝜕𝑧

]

= ∫

∞

0
𝑟𝐽0(𝜆𝑟)

[ 𝜕𝑇
𝜕𝑧

]

𝑑𝑟 = 𝜕𝑇
𝜕𝑧

. (8b)

With identities Eqs.  (8a) and (8b), we rewrite Eq. (4) and use an 
insulated boundary condition at 𝑧 = 0 to obtain an ordinary differential 
equation: 
𝜕𝑇
𝜕𝑧

− 𝜆2𝑇 = 0. (9)

After solving Eq. (9), the inverse Hankel transform at 𝑧 = 0 of this 
problem yields: 

𝛥𝑇 (𝑟, 0) = 1
𝑘 ∫

∞

0
𝑄(𝜆)𝐽0(𝜆𝑟)𝑑𝜆. (10)

This integral is evaluated numerically using the Python SciPy library.
An example of SSLITHER data showing a change in temperature as 

a function of radial distance and corresponding model fits on 316L-
M and 316L-AM-HD samples is shown in Fig.  6. Our measured value 
for the thermal conductivity of 316L-M of 14.9 ± 0.4 Wm−1 K−1 agrees 
well with literature values: 14.3 ± 0.16 Wm−1 K−1 [44] and 14.3 ±
1.4 Wm−1 K−1 [45]. The SSLITHER data on the 316L-AM-HD sample 
exhibits a larger temperature rise as compared to the 316L-M sample, 
consistent with a lower thermal conductivity, which we determine from 
our model fit to these data as 13.0±0.5 Wm−1 K−1, approximately 20% 
lower than the machined sample. We attribute the small perturbation 
in temperature decay of the 316L-AM-HD around 0.6 mm away from 
the center of the laser spot to surface porosity observed in Fig.  2b. We 
discuss the origin of the observed thermal conductivity changes in the 
AM samples in Section 4.
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Fig. 6. Thermal conductivity of 316L-M and  effective thermal conductivity of 
316L-AM-HD at 0.55 W output power measured via SSLITHER. The difference 
in 𝛥𝑇  is driven by a decrease in thermal conductivity of approximately 20%. 
Squares and dots represent raw data from the machined and AM sample, 
respectively, while the solid line corresponds to the mathematical model fit.

3.2. Thermal conductivity measurements with TOPS

To validate and support our thermal conductivity measurements 
with SSLITHER, we also measure the thermal conductivity of the sam-
ples with a Thermo-Optical Plane Source (TOPS) technique (Laser 
Thermal’s TOPS instrument). An in-depth description of the operat-
ing principle and analysis of TOPS is discussed elsewhere [40]. In 
short, like SSLITHER, TOPS measures the temperature change of a 
laser-heated surface of a sample during steady-state conditions. In our 
particular TOPS measurements, we use a 1 mm 1/e2 diameter laser 
spot. However, unlike SSLITHER, in which we heat and probe the 
surface of the sample directly, thus requiring knowledge of the sample 
absorptivity at the laser wavelength and total emissivity of the sample 
within the spectral bandwidth of the IR camera, TOPS utilizes a thin 
black tape transducer applied to the laser-heated surface of the sample. 
The emissivity/absorptivity of the black tape at the IR camera and 
laser wavelengths are known, and thus the absorbed laser power and 
temperature rise of the sample are known a priori. The temperature rise 
in the center of the laser-heated region is monitored as a function of 
laser power to determine the thermal conductivity (unlike SSLITHER, 
which monitors the temperature change as a function of radius in and 
away from the laser-heated volume). Using the solution to the steady-
state heat equation at 𝑟 = 0, which corresponds to the center of the 
Gaussian laser beam, where the temperature rise is maximum. With 
this the thermal conductivity is then determined [40,46,47].

An example of TOPS data of change in temperature vs. change in 
laser power on all samples studied in this work is shown in Fig.  7. We 
can qualitatively conclude trends from these data, as a higher 𝛥𝑇  or a 
given change in laser power immediately translates to a lower thermal 
conductivity. Consistent with our SSLITHER data, the AM samples have 
a lower  effective thermal conductivity than the machined sample, and 
the lower density AM samples have lower thermal conductivities than 
the higher density AM sample. We discuss these trends and present all 
measured results in Section 4.

3.3. Melting temperature and high temperature emissivity measurements

We measure the melting temperature (solidus and liquidus temper-
atures) of our samples using the high power laser setup shown in Fig. 
8, consisting of a 4.0 kW Yb:YAG continuous-wave laser (𝜆 = 1.03
5 
Fig. 7. Steady state temperature rise as a function of incident laser power for 
all samples measured via TOPS. The machined sample exhibits the highest 
thermal conductivity (and thus lowest temperature rise), while 316L-AM-
LD1, 316L-AM-LD2, and 316L-AM-LD3 show the lowest  effective thermal 
conductivities (highest temperature rises) due to high porosity.

Fig. 8. High power laser setup used to measure solidus and liquidus temper-
atures.

μm), a 256-channel spectropyrometer (FMP2-2X) from 500 nm to 1000 
nm and a single color pyrometer (Impac IS 140) at 676 nm.  The 
spectropyrometer has a spot size of 2 mm in diameter, which is large 
enough to represent an area to average effective emissivity over a 
region containing local surface heterogeneity, additionally, the spec-
tropyrometer wavelength range provides sensitive to small temperature 
differences. The sample is supported by two zirconia disks in a chamber 
that is first evacuated to 1.0×10−5 bar, and then backfilled with argon to 
purge residual oxygen. Additionally, an electrochemical oxygen pump 
is used to deplete oxygen to a partial pressure of 2 × 10−20 atm. We 
then heat the surface of the sample with our kW laser, using a 7.5 
mm-diameter beam with a tophat beam profile to ensure a uniform 
temperature distribution across the laser-heated surface. The change 
of temperature is recorded using the single color pyrometer positioned 
at the center of the laser spot with a field of view of 1.5 mm. The 
single color pyrometer measures the radiance temperature, 𝑇rad, at 676 
nm. To obtain the true temperature, 𝑇 , the radiance temperature was 
corrected using Wien’s law, Eq. (11), and the emissivity obtained from 
the multi wavelength spectropyrometer at the same wavelength. The 
determination of spectral emissivity with spectropyrometry is described 
in detail elsewhere [48]. 
1 = 1 + 𝜆 ln (𝜖(𝜆, 𝑇 )) , (11)

𝑇 𝑇rad 𝐶2
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Fig. 9. High density sample (316L-AM-HD) radiance temperature measured 
via the single color pyrometer is lower than true temperature (extracted from 
the spectropyrometer). The resolidification plateau is observed in the radiance 
temperature change of the single color pyrometer, and is emissivity corrected 
to true temperature using the emissivity measured via the spectropyrometer 
at the same point in time during resolidification (𝜖 = 0.25 ± 0.04).

Table 2
Comparison of effective thermal conductivity obtained using the 
SSLITHER method and the Laser Thermal TOPS system.
Sample SSLITHER 𝑘 [Wm−1 K−1] TOPS 𝑘 [Wm−1 K−1]

316L-M 14.9±0.4 14.0±0.7
316L-AM-HD 13.0±0.5 13.9±0.6
316L-AM-LD1 9.4±0.5 9.8±0.5
316L-AM-LD2 6.5±0.6 7.1±0.3
316L-AM-LD3 9.8±0.8 9.7±0.5
316L-AM-LD3 (post melt) 13.0±0.5

where 𝐶2 is the second radiation constant and 𝜖(𝜆, 𝑇 ) is the emissivity 
at wavelength 𝜆.

As expected, 𝑇rad monitored from the single color pyrometer is 
lower than the true temperature 𝑇 , which is determined from the emis-
sivity correction employed by the spectropyrometer. This is exemplified 
in Fig.  9, which shows the measured temperatures and converted to 
true temperature of sample 316L-AM-HD as a function of time during 
conditions when the laser is heating the sample to induce a molten 
pool in the laser-heated volume, then the laser is turned off, allowing 
the laser-heated volume to cool. The key in employing both of these 
pyrometric measurements, in addition to determining 𝜖(𝜆, 𝑇 ), is that the 
spectropyrometer operates with a variable time step, with a minimum 
interval of approximately 40 ms, compared to the single color pyrome-
ter’s 1 ms temporal resolution. As determination of the resolidification 
dynamics during cooling requires the observation of thermal arrests 
in the temperature vs. time thermographs [49], the time scale of this 
recalescence can often occur over temporal windows faster than the 
spectropyrometer time constants. Thus, the spectropyrometer is used to 
determine emissivity around the resolidification plateaus that is then 
used to emissivity-correct the radiance temperature measured by the 
single color pyrometer, the latter of which has the temporal resolution 
to resolve the recalescence associated with resolidification. While the 
emissivity can certainly change from molten to partially molten or solid 
states during cooling and resolidification, we find that the emissivity 
of our samples remains relatively constant across these transitions. 
For example, the emissivity of 316L-AM-HD varies by ±0.02 during 
resolidification, until it reaches its fully solid state, when emissivity 
changes drastically as illustrated in Fig.  9. This stability allows us to 
6 
Fig. 10.  Effective thermal conductivity (𝜅) of additively manufactured 316L 
stainless steel as a function of (a) volumetric energy density and (b) relative 
density. In both cases,  the effective thermal conductivity  increases with 
higher energy input and densification. Data from this work are compared 
with literature values from Simmons et al. [24], Jafari et al. [50], and Eichler 
et al. [51]. Error bars represent the uncertainty arising from variations in laser 
spot size, absorbed power, and repeatability. More details about uncertainty 
are provided in the supplementary material, Section S1.

adopt this emissivity value, along with its upper and lower bounds, 
to determine the liquidus and solidus temperatures, discussed in the 
following section.

4. Results and discussion

The measured thermal conductivities of all the samples studied 
in this work are tabulated in Table  2. Given the highly porous na-
ture of the low density samples observed in our SEM micrographs, 
this effective thermal conductivity reduction is not surprising as an 
increased porosity is well known to reduce 𝜅 due to reductions in 
density [52]. Interestingly, one of the low density AM samples, 316L-
AM-LD2, exhibited a lower effective thermal conductivity than the 
316L-AM-LD1 and 316L-AM-LD3 samples, despite being printed under 
identical conditions. This is illustrated in Fig.  10a, which plots the 
measured  effective thermal conductivity vs. energy density during 
printing (𝐸𝑑 = 𝑃∕𝑣ℎ𝑡, Table  1).

When the energy density during printing is lower than 40 Jmm−3, 
the relative density of the final AM part can drop substantially [3]. 
Thus, at these low energy densities, we cannot ensure that each low 
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Fig. 11. A comparison of the radiance temperature during resolidification 
of the 316L-AM-HD sample (a), and the first derivative of this temperature 
over time (b). The temperature derivative shows the peaks where temperature 
experiences a variation due to phase changes allowing for the determination 
of liquidus (L) and solidus (S) temperature.

density AM sample has the same relative density. Thus, we use the 
Archimedes method to measure the density of our samples, which we 
show in Fig.  10b by plotting measured  effective thermal conductivity 
as a function of relative density. Our data exhibit a monotonic trend 
between  effective thermal conductivity and relative density, a trend 
expected from effective medium theories for thermal conductivity of 
porous media. For example, we show calculations for thermal conduc-
tivity reductions as a function of relative density via the unsymmetric 
Bruggeman theory [53] that relates porosity, 𝜙, to the reduced thermal 
conductivity via: 

𝜅porous = (1 − 𝜙)1.5𝜅fully dense, (12)

which agrees well with the trend in both our data and additional data 
on AM 316L from the literature.

The reduced densities of the 316L-AM-LD samples as compared to 
the machined and 316L-AM-HD samples should also manifest in re-
duced high temperature performance, which we study here in relation 
to the samples’ resolidification dynamics around the melting point. 
Specifically, from the resolidification thermograms tracking temper-
ature as a function of time when the sample is cooling from melt 
7 
Fig. 12. Time-resolved radiance temperature during laser melting of ma-
chined, AM high-density, and AM low-density 316L samples. The AM 
low-density (green triangles) exhibits a lower radiance temperature and ap-
parent melting point, consistent with the presence of LOF and porosity. 
At the second melt at the same location (black circles), the low-density 
sample shows an increased radiance temperature comparable to the dense 
conditions, indicating recovery of the melting behavior.  (For interpretation 
of the references to color in this figure legend, the reader is referred to the 
web version of this article.)

(Fig.  11a). We compute the first derivative of temperature with re-
spect to time (𝜕𝑇 ∕𝜕𝑡), which enables identification of subtle non-
monotonic changes in the cooling profile associated with phase trans-
formations [54]. When solidification begins, the release of latent heat 
causes a deviation from the smooth cooling trend, which appears as 
a distinct change in the derivative. The start of nucleation is marked 
by a visible drop in 𝜕𝑇 ∕𝜕𝑡 [55], typically corresponding to the liquidus 
temperature (Fig.  11b), and corresponds to complete melting of the al-
loy during laser exposure. As cooling progresses, the derivative reaches 
a local minimum at the solidus temperature, marking the completion 
of solidification (Fig.  11(a and b), dotted horizontal line, marked ‘s’). 
The solidus temperature marks the temperature below which the alloy 
is completely solidified (above this temperature and below the liq-
uidus the alloy is partially molten). The temperature interval between 
solidus and liquidus plays a crucial role in pore evolution, affecting 
porosity, cracking susceptibility, and inter-layer bonding [56]. Thus, 
evaluation of solidus and liquidus temperatures of the AM samples 
as compared to machined samples provides an evaluation of high 
temperature performance of these parts.

The experimentally measured solidus and liquidus temperatures for 
316L-M, 316L-AM-HD and 316L-AM-LD3 are summarized in Table  3. 
Our measured solidus and liquidus temperatures on the 316L-M sample 
align well with values reported in the literature [57], validating the 
accuracy of our approach.

In the low-density AM sample, we observed a significantly narrower 
melting range: the liquidus temperature 1679 ± 15 K, and the solidus 
was 1598 ± 15 K, a difference of about 35 K compared to the machined 
and high density AM sample (Fig.  12). We attribute this difference in 
non-equilibrium solidus and liquidus to lack of fusion areas (LOF), as 
observed in Fig.  2c. These LOF regions are not just voids but complex 
features that carry oxides and dislocation structures [18,19,58]. These 
oxides can affect the melting behavior and shift the temperatures 
away from equilibrium, Yang et al. [59] reported that the full melting 
temperature can deviate from theoretical values, and this shift depends 
on the oxide concentration. They further showed that these oxides 
significantly affect the solidification of the SS-316L and deviate from 
the equilibrium cooling [60].
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Fig. 13.  Normal spectral emissivity (NSE) as a function of wavelength for 
high density sample (316L-AM-HD) and low density (316L-AM-LD). During 
the first melt the low-density sample shows elevated emissivity at 1653 K 
across the measured spectral range, attributed to lack-of-fusion (LOF) defects. 
After remelting at the same location, the emissivity of the low-density sample 
decreases to match that of the high-density material. Additionally, it could 
reach a temperature comparable to that of the machined and high density 
sample (1763 K), indicating densification and removal of LOF defects. 2𝜎
uncertainties reported, description of how uncertainties were calculated is 
found in the supplementary material, Section 2.

Additionally, these oxides increase the emissivity of the mate-
rial [61]. It has been observed that emissivity generally increases as the 
oxygen enriched region becomes thicker, primarily due to interference 
effects arising from multiple reflections between the metal substrate 
and the growing oxide region [62]. Consistent with this, we measured 
an increase in the normal spectral emissivity (from the cooling curve) 
to approximately 0.5 during the first melt (Fig.  13). We attribute this 
enhanced emissivity to transient surface oxidation and/or the presence 
of LOF [63].

To understand the origin and evolution of these oxides, we focus 
on how oxygen is redistributed during melting and solidification. It 
has been shown that during solidification, oxygen, initially present 
in the melt and at the surface, moves toward the edge of the melt 
pool as a consequence of surface-active solutes modifying the surface 
tension, causing oxygen to migrate outward during melting [63]. This 
behavior is evident in Fig.  14, where Energy-Dispersive Spectroscopy 
(EDS) shows oxygen enrichment at the edge of the laser melting spot 
while in the laser spot oxygen is not present.

When the same location is remelted, the normal spectral emissivity 
decreases to approximately 0.3 (Fig.  13), and we observe a recovery 
of the non-equilibrium solidus and liquidus temperatures on 316L-AM-
LD3 that is comparable with those of the 316L-M and 316L-AM-HD 
samples (Table  3, Fig.  12). We interpret this recovery as a conse-
quence of repeated melting, which disrupts or partially removes the 
oxygen-enriched, oxide-rich features and reduces the effective oxide 
thickness [62], thereby restoring emissivity and melting behavior closer 
to those of the fully dense material [63].

Additionally,  the effective thermal conductivity of 316L-AM-LD3 
after this second melting test increased to a value comparable to that of 
316L-AM-HD (Table  2), aligning with our finding that reduced density 
of the AM samples directly impacts  the effective thermal conductivity 
of AM parts.  However, emissivity and the measured solidus/liquidus 
temperatures are strongly influenced by local surface condition, oxygen 
enrichment, and the thermal history of the melted region. Therefore, 
lower relative density is an indicator of more surface defects, which 
8 
Table 3
Liquidus and solidus true temperatures for machined and additively man-
ufactured (AM) samples. Uncertainties come from calibration of the spec-
tropyrometer and single color pyrometer, deviation of determined emissivity, 
repeatability of measurements and first derivative approach to select solidus 
and liquidus temperature points.
 Sample Liquidus (K) Solidus (K) 
 316L-M 1718 ± 13 1650 ± 10  
 316L-AM-HD 1714 ± 13 1637 ± 9  
 316L-AM-LD3 1679 ± 15 1598 ± 15  
 316L-AM-LD3 (post melt) 1729 ± 15 1625 ± 15  

increases the probability of local oxygen regions that cause heteroge-
neous melting behavior, rather than as a single parameter that uniquely 
affects emissivity or phase transition temperatures. Consistent with this 
interpretation, the low-density AM sample shows the largest reduction 
in  effective thermal conductivity and the largest deviation in emissivity 
and melting behavior, while remelting partially restores the measured 
properties toward those of the high-density and machined samples. This 
emphasizes the potential for laser-based thermal conductivity, emissiv-
ity and melting temperature measurements as a means to evaluate the 
properties of AM materials and performance.

5. Conclusion

In this work we combined two steady-state, non-contact thermogra-
phy techniques, SSLITHER and the commercial tool from Laser Thermal 
TOPS, to quantify how additive manufacturing process parameters 
and resulting defects alter the thermal behavior of 316L stainless 
steel. Additionally, we measure emissivity and non-equilibrium liquidus 
and solidus using a non-contact method with a high power laser. In 
summary, this study shows that:

• The thermal conductivity measurements using SSLITHER were 
consistent with those obtained from TOPS, validating the ac-
curacy of our non-contact measurement method. Additionally, 
SSLITHER offered the precision and resolution required to capture 
local defects in AM parts.

• High density AM shows 20% lower effective thermal conductivity 
than machined, while low density AM (316L-AM-LD3) shows 
a 50% reduction in effective thermal conductivity. This trend 
follows the energy density-relative density expectations explained 
in Fig.  10.

• High-temperature experiments revealed that porosity and the 
presence of lack of fusion (LOF) structure in the low density 
sample significantly impact the liquidus and solidus temperatures, 
showing a narrower melting interval.

• Normal spectral emissivity is strongly influenced by surface con-
dition: low-density regions and LOF defects lead to higher emis-
sivity, whereas after remelting the emissivity returns to values 
comparable to the denser sample 316-AM-HD.

• EDS analysis reveals that oxygen is localized at the rim of the laser 
spot, confirming that LOF regions play a key role in the modified 
emissivity and melting characteristics.

• Effective thermal conductivity is recovered, with numbers similar 
to the 316-AM-HD sample after melting, where the melted region 
is denser and free from LOF.

These results show that steady-state laser-based thermography can 
diagnose changes in thermal conductivity, emissivity, and melting be-
havior caused by printing parameters associated with surface defects. 
These experiments highlight the critical role of accurate thermal char-
acterization in understanding melting behavior and phase transitions.
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Fig. 14. SEM micrographs and EDS analysis of the low-density 316L-AM-LD3 sample. (a) Region at the edge of the laser spot, where oxygen is enriched at the 
outer rim: point 1 (rim) contains 9.79 wt% oxygen, while point 2 (inside the laser spot) shows no detectable oxygen. (b) Region far from the laser spot, where 
point 3 also shows no detectable oxygen, indicating that oxygen is localized at the outer rim of the laser-irradiated area. Elemental compositions are provided in 
Tables S1-S3 (Supplementary Material).
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