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 A B S T R A C T

Copper (Cu) and its alloys are used in many industries owing to their high thermal and electrical conductivity, 
alongside their corrosion resistance and antimicrobial properties. The adoption of Cu-alloys in laser powder 
bed fusion (PBF-LB) is limited by the high reflectivity of these alloys, particularly at near-infrared wavelengths 
commonly used in commercial PBF-LB systems. In this work, the absorptivity scaling behaviour of a Cu-
alloy (C14500, >99.40% Cu) is characterized using an open-architecture in situ reflectivity measurement 
setup within an additive manufacturing metrology testbed (AMMT). Reflectivity measurements are taken for 
56 process parameter combinations of laser power, velocity, and beam diameter, which capture the range 
of conduction to keyhole melting modes during PBF-LB of Cu-alloys. Additionally, the absorptivity scaling 
behaviour for C14500 powder spread on a printed substrate is compared with that of a machined substrate and 
literature data from calorimetry absorptivity measurements for Ti-, Fe-, and Ni-alloys, to evaluate the effects of 
substrate roughness and material reflectivity with near-infrared lasers on absorption behaviour in PBF-LB. The 
results from this work represent a significant advancement in energy coupling physics by demonstrating that 
the steady-state PBF-LB interactions for copper alloys are governed not only by the intrinsic reflectivity of the 
material, but also by a surface topography-induced multiple reflections and powder entrainment mechanism. 
The extreme reflectivity in copper during near-infrared PBF-LB allows for an absorptivity saturation point of 
0.91 on printed surfaces and 0.77 on machined surfaces. This distinct behaviour is attributed to the roughness 
of the printed substrate (which leads to an increased number of scattering events, alongside reduced effects of 
the Brewster’s angle and the realistic powder layer spreading deployed, enhancing the amount of powder 
particles captured by the melt pool and thereby beam absorption. The measured absorptivity values are 
analysed using dimensionless parameters, such as normalized enthalpy and diffusion length, to develop an 
absorptivity scaling equation for PBF-LB of Cu-alloys. This absorptivity scaling equation quantifies laser energy 
absorption as a function of key PBF-LB parameters and material properties, thereby enhancing predictive 
capabilities for translation to other Cu-alloys and PBF-LB systems.
1. Introduction

The functional properties of copper (Cu) and Cu-alloys, such as its 
high thermal and electrical conductivity, drive many of its automotive 
and electrical applications, including radiators, heat exchangers, in-
duction coils, motor components, electrical wiring, electrical switches, 
and busbars [1]. Cu-alloys also exhibit good corrosion resistance and 
antimicrobial properties, expanding their areas of application in the 
medical industry for instruments, plumbing components such as pipes 
and fittings, construction components such as roofing and gutters, and 
in marine applications [1].

As shown in literature [2], Cu-based electrical and thermal manage-
ment devices have been successfully manufactured using conventional 
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manufacturing technologies for numerous applications. However, con-
ventional manufacturing of Cu and Cu-alloys can lead to long lead 
times from raw material to finished product and limitations in design 
flexibility [3]. Additive manufacturing (AM) technologies can help 
offset some of the aforementioned limitations of conventional manufac-
turing, as well as help expand the applications of Cu and Cu-alloys. For 
instance, AM of Cu-alloys has the potential to improve performance and 
manufacturability for applications including windings within electric 
motors and antennas [4], electrodes for rechargeable batteries [5], 
electronics packaging [6], and vertical interconnect accesses for the 
semiconductor and printed circuit board industry [7].
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Laser powder bed fusion (PBF-LB/LPBF), also known as selective 
laser melting (SLM), is an AM technology class that enables near-net-
shape fabrication. PBF-LB of Cu and its alloys is of increasing interest 
due to the potential to fabricate geometries with internal channels and 
lattice structures, which are particularly useful for applications includ-
ing but not limited to heat exchangers, conformal cooling channels, and 
electric motor windings [8]. Additionally, PBF-LB enables the manu-
facturing of topology-optimized copper components that help reduce 
weight while maintaining or improving mechanical performance [8].

However, the adoption of PBF-LB Cu and PBF-LB Cu-alloys has been 
limited by their high reflectivity, particularly at near-infrared wave-
lengths (≅ 1070 nm), which are commonly used in most commercial 
PBF-LB systems. The absorptivity of Cu and Cu-alloys at near-infrared 
wavelengths of lasers is below 5 % in the solid state, and ≅ 15 % 
in the liquid state [9], and copper powder is shown to have ≅ 33 % 
absorptivity [10]. This low absorptivity poses challenges for determin-
ing processing windows for Cu and its alloys in most PBF-LB systems. 
Conduction mode melting in PBF-LB, which is typically associated with 
limited or no vaporization [11], is not sufficient for printing high-
density Cu parts [3]. Transition and keyhole mode melting, where 
significant vaporization is expected, are commonly recommended to 
increase the laser absorptivity of copper [3]. However, there is a 
research gap in understanding and modelling the onset of transition 
and keyhole melting modes during PBF-LB of Cu and its alloys, which 
makes parameter development for this material class time-intensive and 
cost-intensive due to trial-and-error approaches [12].

In situ absorptivity measurements of Cu and Cu-alloys under PBF-
LB processing conditions are hence essential for understanding laser-
material interactions and for rapidly developing parameters for PBF-LB 
processing. Trapp et al. [13] and Ye et al. [14] have previously per-
formed such measurements for relatively absorptive materials such as 
Ti, Fe, and Ni alloys. In the work by Ye et al. [14], an absorptivity 
scaling equation was developed to model absorptivity scaling for this 
high-absorptivity class of materials and to support both modelling- 
and experimentally-focused approaches to develop process parameters 
for these materials. Gargalis et al. [15] used the same approach for 
PBF-LB of Cu, but experimental limitations (a maximum laser power 
of 500 W) prevented the derivation of a scaling equation from their 
results. Nordet et al. [16] used an Ulbricht integrating sphere to mea-
sure the absorptivity of Cu during LPBF using a green laser, but most 
commonly used industrial PBF-LB systems do not use green lasers. It 
is also commonly assumed that Cu-based powder feedstocks are not 
easily printable due to their high reflectivity with near-infrared lasers, 
which drives efforts in creating bespoke Cu-alloys that are specifically 
geared towards increasing absorptivity [12]. This work challenges this 
assumption by proving that it is possible to achieve a drastic increase in 
absorptivity by using the keyhole melting mode during PBF-LB of Cu.

In this work, an in situ PBF-LB reflectivity measurement additive 
manufacturing metrology testbed (AMMT) was deployed at the Na-
tional Institute of Standards and Technology (NIST) [17]. The AMMT 
system was deployed to understand and model, for the first time, the 
absorptivity scaling behaviour of a Cu-alloy (C14500) with a high Cu-
content (> 99.40%). This work addresses two major research questions: 
(i) is the high reflectivity of Cu and its alloys really detrimental to its 
printability using near-infrared PBF-LB systems? and (ii) does surface 
topography influence laser coupling in PBF-LB? By investigating 56 
parameter combinations, this work provides proof that the keyhole 
melting mode in PBF-LB effectively addresses the copper reflectivity 
challenge by achieving exceptionally high absorptivity values. Addi-
tionally, it shows for the first time that in PBF-LB, surface topography 
has a significant influence on laser absorptivity, with a significant 
increase in absorptivity observed in rough printed substrates compared 
to machined substrates. Absorptivity scaling equations are developed 
for modelling the effects of these roughness differences and melting 
mode changes as a function of absorptivity during PBF-LB of Cu-alloys.
2 
2. Materials and methods

The powder used in this work is pre-alloyed C14500,1 manufactured 
by Metal Powder Works (MPW) using a cold mechanically derived 
process [18], which converts bar stock into powder for additive man-
ufacturing. The composition of the C14500 powder batch was 99.4% 
copper (Cu), 0.5% tellurium (Te), and 0.1% phosphorus (P). The mor-
phology of the C14500 powder particles used in this study is shown 
by the scanning electron microscope (SEM) image in Fig.  1(a). Particle 
size and morphology analysis was conducted using a vision-based 
particle size analysis system (Camsizer X2, Retsch, Haan, Germany), 
with detailed measurements provided in Table S1 and Fig. S1 of the 
Supplemental Material. The powder particles had a D10 of 33 μm, a 
D50 of 47 μm, and a D90 of 63 μm, and sphericity between 0.7 and 
0.8.

The C14500 substrate, as shown in Fig.  1 (b) and (e), was printed 
on an EOS additive manufacturing customized machines (AMCM) M290 
1 kW PBF-LB system with previously developed parameters at a 30 μ
m layer thickness that led to high-density parts (micrographs of 10-mm 
edge length cubes showcasing high-density parts are given in Figs. S2 
and S3 of the Supplemental Material). The printed C14500 substrate 
was then placed in the sample well of the NIST AMMT [19,20], with 
visuals of the system and schematics given in Fig.  1 (d). The laser 
in the AMMT has a wavelength of 1070 nm. In the metrology mode 
of the NIST AMMT, the processing area of the AMMT is contained 
within an integrating hemisphere that allows for understanding laser 
coupling behaviour in PBF-LB experiments. The integrating sphere 
measures the total reflected laser power, and the laser coupling value 
is 𝐴𝑙𝑐 = 1−𝑃𝜌∕𝑃  (where 𝑃𝜌 is the reflected power and 𝑃  is the applied 
laser power). Therefore, it should be noted that this laser coupling 
measurement is an indirect (inferred) measurement of absorptivity. The 
term ‘‘absorptivity’’ will be in lieu of ‘‘laser coupling’’ in this paper.

For absorptivity assessments on the C14500 substrate, 56 process 
parameter combinations were tested, which include a laser power range 
of 300 W to 600 W in 50 W increments, a velocity range of 300 mm/s 
to 700 mm/s in 100 mm/s increments, and a beam diameter of 45 μm 
(focused beam) and 80 μm (defocused divergent beam). Three 10 mm 
long hatch lines were scanned in alternating anti-parallel directions for 
each process parameter combination with a hatch distance of 100 μm.

In PBF-LB, measured and predicted powder layer thickness values in 
the literature are typically much larger than the nominal powder layer 
thickness values that a user provides as a printing parameter. This is 
because, after dozens of re-coated layers, an equilibrium thickness is 
reached that is significantly thicker than the build plate step distance 
between re-coating cycles. Mahmoodkhani et al. [21] report a mea-
sured layer thickness between 6x to 8x the nominal layer thickness, 
Wischeropp et al. [22] report a measured layer thickness between 4x to 
5.5x the nominal layer thickness, and Liu et al. [23] report a measured 
layer thickness of about 4x the nominal layer thickness. After aligning 
the top of the samples with the recoater, a powder layer thickness set-
ting of 120 μm was used for these single layer experiments to simulate 
the steady state powder depth for a nominal 30 μm layer thickness in 
a commercial PBF-LB system. Half of the 56 parameter combinations 
were also tested on a machined pure copper substrate, depicted in 
Fig.  1 (c), with the same three line hatch strategy and a powder 
layer thickness of 120 μm. Furthermore, 13 parameter combinations 
from the same range were tested on a machined pure copper substrate 
with the same hatching strategy, but with no powder spread onto the 

1 Certain equipment, instruments, software, or materials, commercial or 
non-commercial, are identified in this paper in order to specify the experimen-
tal procedure adequately. Such identification does not imply recommendation 
or endorsement of any product or service by NIST, nor does it imply that the 
materials or equipment identified are necessarily the best available for the 
purpose.
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Fig. 1. (a) Scanning electron microscope (SEM) image of the Cu alloy (C14500)powder used in this study, (b) schematic of melt pool formation with C14500 
powder spread on a printed substrate, (c) schematic of melt pool formation with C14500 powder spread on a machined substrate, (d) laser coupling apparatus 
schematic and visual of the NIST additive manufacturing metrology testbed (AMMT), (e) C14500 multi-tracks printed on previously printed C14500 substrate 
(substrate was printed on an EOS AMCM M290 1 kW system).
Fig. 2. Inferred absorptivity as a function of normalized enthalpy product 
at melting, 𝛥𝐻𝑚∕ℎ𝑚 ⋅ 𝐿∗

𝑡ℎ, for 56 laser powder bed fusion (PBF-LB)parameter 
combinations on a copper alloy, C14500. The dotted red line is a curve fitted 
to all data points, modelled in Eq. 2, with 𝑅2 = 0.99. Absorptivity data for a 
titanium alloy (Ti6Al4V), ferrous alloy (SS 316L), and nickel alloy (IN 625) 
are shown in the green region and taken from work by Ye et al. [14]. Melt 
pools from points labelled a to f are shown in Fig.  3.

substrate. The machined substrates were measured to have a surface 
roughness of Ra = 0.4 μm. Raw data from the absorptivity experiments 
are provided in Tables S2, S3, and S4in the Supplemental Material. 
To visualize melt pools from some of the representative datasets, the 
printed C14500 substrate was sectioned, polished, and etched with 
ferric chloride etchant.

3. Results and discussion

3.1. Empirical absorptivity scaling and modelling

Fig.  2 illustrates the inferred laser absorptivity estimates based on 
results from the C14500 printed substrate experiments against normal-
ized enthalpy product at melting, 𝛥𝐻𝑚∕ℎ𝑚 ⋅ 𝐿∗

𝑡ℎ. Normalized diffusion 
length, 𝐿∗

𝑡ℎ, given by Eq.  (2), is derived by Ye et al. [14], which helps 
to characterize the scale of heat diffusion as a function of the laser 
beam size. Normalized enthalpy is defined as the ratio of the absorbed 
3 
energy density to the enthalpy at melting, as defined by King et al. [24]. 
Normalized enthalpy at melting, as given by Eq. (1), uses the minimum 
absorptivity value, 𝐴𝑚, that we measured in our machined substrate 
experiments with no powder, which was 0.17 (which we assume to 
be the absorptivity of copper at melting, and is close to the ≅ 0.15 
absorptivity observed for liquid Cu in literature [9]). In Eq. (1) and (2), 
𝑃  is laser power [𝑊 ], 𝑣 is beam velocity [ m/s], 𝑟𝑏 is beam radius [𝑚], 
𝜌 is density of C14500 - 8940 𝑘𝑔∕𝑚3 [25], 𝐶𝑝 is specific heat capacity 
- 385 𝐽∕(𝑘𝑔 ⋅ 𝐾) [25], 𝛼 is thermal diffusivity [𝑚2∕𝑠] - calculated by 
𝜆∕(𝜌 ⋅ 𝐶𝑝), where 𝜆 is thermal conductivity - 355 𝑊 ∕(𝑚 ⋅ 𝐾) [25], 𝑇𝑚
is melting/liquidus temperature - 1348 𝐾 [25], 𝑇0 is the powder bed 
temperature (which is room temperature for this work, 293 𝐾). 
𝛥𝐻𝑚
ℎ𝑚

=
𝐴𝑚𝑃

𝜋𝜌𝐶𝑝(𝑇𝑚 − 𝑇0)
√

𝛼𝑣𝑟3𝑏

(1)

𝐿∗
𝑡ℎ =

√

𝛼
𝑣𝑟𝑏

(2)

𝐴 = 0.91(1 − 𝑒−0.17(𝛥𝐻𝑚∕ℎ𝑚)⋅𝐿∗
𝑡ℎ ) (3)

It is observed that all the measurements collapse onto a single curve 
that can be modelled by an asymptotic exponential fitting curve, as 
shown in Fig.  2, and captured in Eq. (3). MATLAB’s Curve Fitting 
Toolbox is used to model the curve in Eq. (3) using the Levenberg–
Marquardt/least absolute residuals robust fitting algorithm. The coef-
ficients in Eq. (3) with their 95 % confidence bounds are 0.91+0.004−0.013
and 0.17+0.001−0.009. Fig.  2 also includes the ranges of absorptivity data for 
low reflectivity and low thermal diffusivity materials, such as Ti-alloys 
(Ti6Al4V), Fe-alloys (stainless steel 316L) and Ni-alloys (nickel super 
alloy 625), obtained from work by Ye et al. [14]. Melt pools from points 
labelled a to f in Fig.  2 are shown in Fig.  3, along with their correspond-
ing power, velocity, and beam radius values. Melt pool morphologies 
from Fig.  3 help validate that the process parameter and absorptivity 
ranges capture the spectrum of conduction to keyhole melting modes 
for PBF-LB of C14500. Points a and b from Fig.  3 show conduction mode 
melt pools with melt pool aspect ratios (defined as the melt pool depth-
to-width ratio) below 0.5; points d, e, and f show keyhole mode melt 
pools with melt pool aspect ratios over 0.8, and point c shows melt 
pools that would be expected in the transition melting mode, with a 
melt pool aspect ratio of approximately 0.7 [11]. Keyhole mode melt 
pools (d, e, and f) cause an increased amount of metal vapour when 
compared to conduction mode melt pools. This leads to a low-pressure 
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Fig. 3. Scanning electron microscope (SEM) images with melt pool boundaries highlighted in dotted white lines for multi-tracks from points labelled (a) to (f) in 
Fig.  2. Below each micrograph, its laser powder bed fusion (PBF-LB) processing parameters of laser power 𝑃 , beam velocity 𝑣, and beam radius 𝑟𝑏 are provided.
zone near the melt pool caused by the high-speed metal vapour flux, in 
relation to the surrounding inert (Argon) gas flow which is at a higher 
pressure. This pressure difference results in a Bernoulli effect-driven 
entrainment of metal powder particles from the surrounding powder 
bed [26]. The effect of this increased powder entrainment is observed 
through a greater melt pool height for the keyhole mode melt pools 
and a rougher surface. Huang et al. [27] correlate the dimensionless 
normalized enthalpy product variable (used in this work) with the 
front vaporized cavity/keyhole wall angle for Ti-, Fe-, Ni-, and Al-
alloys. Correlating absorptivity with the front keyhole wall angle would 
require additional analysis and is outside the scope of this work; an 
increase in laser absorptivity would be expected to directly correlate to 
an increase in the vaporized cavity/keyhole penetration depth.

3.2. Absorptivity differences in current work compared to literature

The absorptivity scaling behaviour for this Cu alloy is observed to 
be significantly different from that of low reflectivity materials, such 
as Ti-, Fe-, and Ni-alloys, in two main ways. First, the normalized 
enthalpy product at melting values for the conduction and keyhole 
melting modes in Cu alloys is significantly higher than that of low 
reflectivity materials, which can be attributed to the considerably 
higher thermal diffusivity of Cu alloys (≅ 1.03 𝑐𝑚2∕𝑠) when compared 
to Ti-, Fe-, and Ni-alloys (0.048 𝑐𝑚2∕𝑠 to 0.086 𝑐𝑚2∕𝑠) [14]. Secondly, 
the absorptivity for Ti-, Fe-, and Ni-alloys in the work by Ye et al. [14] 
saturates at ≅ 0.7, compared to the Cu-alloy used in this work, wherein 
absorptivity saturates at ≅ 0.9 in Fig.  2. One significant difference in 
the experimental approaches is that the absorptivity data for Cu from 
Fig.  2 is taken from powder spread on a printed substrate, compared 
to powder being spread on a machined substrate as done in the work 
by Ye et al. [14]. Additionally, a steel razor blade was used to spread 
a 100 μm thick powder layer, which was defined by the rim thickness 
of precision-machined cups in absorptivity work for Ti-, Fe-, and Ni-
alloys, which may lead to a different powder bed density compared to 
this work [13,14]. The calorimetry methodology used in the work for 
Ti-, Fe-, and Ni-alloys [13,14] have limitations in their selected range of 
process parameters (maximum laser power of 300 W, minimum beam 
spot diameter of 57 μm, and minimum velocity of 500 mm/s) and 
4 
uncertainty in the results, as a maximum absorptivity of ≅ 0.9 has bee 
reported by Deisenroth et al. [20] using a similar instrumentation as 
the one used in this work for a Ni-alloy. Similarly, Simonds et al. [28] 
have reported a maximum absorptivity of ≅ 0.85 for a Ti-alloy using in-
tegration sphere radiometry. The methodology by Deisenroth et al. [20] 
has the added benefit of combining reflectometry, calorimetry, and 
mass loss measurements to capture the reflected energy, absorbed 
energy, and energy transfer by vaporization. Since the total energy 
measurements in the work by Deisenroth et al. [20] are shown to sum 
up to ≅ 100 %, it could be assumed that it is possible to achieve 
≅ 0.9 absorptivity in Ti-, Fe-, and Ni-alloys as well. While calorimetry 
primarily records the energy converted into heat within the metal, the 
integrating hemisphere approach used in this work accounts for all 
energy not reflected back to the source. The maximum absorptivity of 
≅ 0.9 in this work matches the maximum absorptivity measured by 
Nordet et al. [16] during PBF-LB of copper in keyhole mode using a 
green laser, which helps confirm that our process parameter selection 
range spans the entire spectrum of conduction to keyhole mode melting 
during PBF-LB of copper.

3.3. Surface roughness driven changes in absorptivity scaling behaviour

The difference in absorption behaviour with a change of substrate 
becomes apparent in Fig.  4, wherein absorptivity scaling behaviour 
for C14500 is compared for a printed as well as on a machined sub-
strate alongside Ti-, Fe-, and Ni-alloy data obtained from a machined 
substrate [13,14]. The absorptivity behaviour for C14500 spread on a 
machined substrate from Fig.  4 is modelled using the same approach 
as the one used for a printed substrate and is shown in Eq. (4). 
The coefficients in Eq. (4) with their 95 % confidence bounds are 
0.77+0.046−0.041 and 0.20+0.046−0.037. When a machined substrate is used for Cu, 
the absorptivity saturates at ≅ 0.77 (with a maximum value of 0.82). 
A machined/milled substrate typically has a roughness < 0.5 μm, 
compared to as built top surfaces in PBF-LB that are expected to have 
roughness > 10 μm [29]. The surface roughness of the printed substrate 
used in this study was measured using a laser profilometer to be 14 μm.
𝐴 = 0.77(1 − 𝑒−0.20(𝛥𝐻𝑚∕ℎ𝑚)⋅𝐿∗

𝑡ℎ ) (4)
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Fig. 4. Absorptivity as a function of normalized enthalpy product at melting, 
𝛥𝐻𝑚∕ℎ𝑚 ⋅ 𝐿∗

𝑡ℎ, for a Cu alloy (C14500) on a printed and machine substrate, 
compared to Ti-, Fe-, and Ni-alloys on a machined substrate. Absorptivity data 
for Ti-, Fe-, and Ni-alloys are shown in the green region, and taken from work 
by Ye et al. [14].

Studies by Deng et al. [30] and Wu et al. [31] have shown rough-
ness of the substrate/previous layer influences powder spreading be-
haviour. The roughness of the spread powder layer, combined with 
the higher roughness of the printed substrate, would help increase 
powder particles captured by the melt pool (also known as powder 
entrainment) [13], thereby increasing beam absorption. Using two-
dimensional (2D) and three-dimensional (3D) ray tracing analysis, 
Bergström et al. [32,33] have shown that for normally incident light, 
𝜃0 = 0◦, and small angles of incidence (expected in typical industrial 
PBF-LB systems), the absorptivity of a surface increases with roughness, 
due to an increase in the average number of scattering events, as shown 
for smooth machined and rough printed substrate conditions in Fig.  5. 
The effect of roughness on absorptivity is reduced only at angles of 
incidence that are 60◦ and above, which might be the case only for the 
corners of large-format PBF-LB systems. Their work [32] has also shown 
that the increase in absorptivity with roughness is most pronounced 
in materials like copper and aluminium alloys, which have a low ab-
sorptivity in the flat, smooth state, compared to Ti-, Fe-, and Ni-alloys. 
This difference in behaviour is associated with ‘‘diminishing returns’’ 
when comparing multiple reflections from high and low absorptivity 
interactions. Assuming smooth and flat surfaces, laser absorptivity is 
shown to increase significantly (followed by a dramatic drop) around 
Brewster’s maximum angle in PBF-LB [27], and laser powder fed AM 
literature [34], and depicted by the absorptivity increase followed by 
a dramatic drop for machined substrates around 𝜃0 = 85◦ in Fig.  5. 𝜎 is 
the root mean square (RMS) roughness and 𝜏 is the surface correlation 
length in Fig.  5, as described by Bergström et al. [32]. 𝜎∕𝜏 values of 
0.5 to 2.0, considered as rough surfaces by Bergström et al. [32] are 
assumed to be comparable to the printed PBF-LB substrate boundary 
conditions. For the machined substrate boundary condition, a smooth 
surface with a low 𝜎∕𝜏 value of about 0.01 is assumed, wherein the 
absorptivity behaviour is similar to the theoretical Fresnel absorptivity 
curve in Fig.  5. Bergström et al. [32,33] have shown that for rough 
surfaces, the effect of Brewster’s angle in terms of a dramatic drop in 
absorptivity is eliminated, and this would mean a higher absorption of 
laser reflections that is independent of its angle of incidence as depicted 
by the absorptivity versus angle of incidence, 𝜃0, plot for printed 
substrates in Fig.  5. This means that for high reflectivity materials like 
copper and aluminium alloys, laser absorption is consistently higher 
for rough surfaces at all angles except in the vicinity of Brewster’s 
5 
angle, i.e., between 75◦ and 85◦. Past the Brewster’s angle (above 
85◦), the laser absorptance of rough surfaces in these alloys would still 
stay consistent when compared to an absorptivity drop to nearly 0 for 
smooth surfaces.

While the SEM images of the cold mechanically derived powders 
may appear unique and unconventional, they have been used to obtain 
high-density Al parts using PBF-LB in prior literature [18,35], which 
can achieve equivalent properties to wrought materials [18]. Using the 
same batch of C14500 powder (as the one used for the absorptivity 
study), the authors are also able to obtain near-full-density parts using 
keyhole mode parameters, as shown by micrographs in Fig. S2 and 
Fig. S3 of the Supplemental Material. A time-lapse video of a print 
using MPW’s C14500 powder on an EOS M290 1 kW PBF-LB system 
is provided in the Supplementary Video; the video is from a print 
consisting of sixteen gears with a diameter of 58 mm and a height of 
7.5 mm. The unique morphology of cold mechanically derived powders, 
compared to atomized powders commonly used in PBF-LB, may affect 
the initial laser absorption behaviour before a stable melt pool is 
established. However, the effects of the powder morphology and/or 
size would be minimal on steady-state melt pools when compared to 
the effects of the actual melting modes of the melt pools [36].

This research provides multiple first-time proofs that would be 
vital for the additive manufacturing community. Most notably, this 
work has successfully understood and modelled the absorptivity scaling 
behaviour for a high copper content copper alloy using a realistic 
powder on printed substrate experiment. This is an important departure 
from previous studies that relied on machined surfaces, which do not 
accurately reflect the conditions within an industrial PBF-LB build. 
Additionally, this work shows that the absorptivity of copper using 
a near-infrared wavelength laser can reach a saturation point of 0.9 
(90 %) when processed on a printed substrate.

The derived absorptivity scaling equation can replace the need for 
assuming a constant absorptivity value, which is often a major source 
of error in analytical [37] and numerical [38] PBF-LB simulations. 
Additionally, the scaling equation allows for the creation of process 
maps that can translate parameters across different PBF-LB systems. For 
instance, if we know the material properties for a given copper alloy 
and the beam diameter of a given PBF-LB system, we can use the scaling 
law to predict the required power and speed to achieve a particular 
melting mode.

4. Conclusions

Absorptivity scaling behaviour during laser powder bed fusion (PBF-
LB) of a Cu alloy was characterized as a function of key process 
parameters, including laser power, velocity, and beam radius, spanning 
across melting modes. This work provides experimental proof that the 
keyhole melting mode effectively flips the copper reflectivity challenge 
by measurements of > 90 % absorptivity, higher than those for any 
other material reported in near-infrared PBF-LB literature. Absorptivity 
during PBF-LB of Cu also scales significantly differently when compared 
to low reflectivity and low diffusivity materials such as Ti-, Fe-, and Ni-
alloys. Absorptivity during PBF-LB of Cu saturates at ≅ 0.9 on a printed 
substrate and ≅ 0.77 on a machined substrate, compared to a maximum 
of ≅ 0.7 observed using calorimetry measurements during PBF-LB of 
Ti-, Fe-, and Ni-alloys on a machined substrate. Additionally, it shows 
for the first time that in PBF-LB, surface topography has a significant 
influence on laser coupling, with an increase of ≅15 % absorptivity 
observed in printed substrates (roughness, Ra = 14 μm) compared 
to machined substrates (Ra = 0.4 μm). This increase is attributed to 
multiple factors, including an increased number of scattering events 
and reduced effects of the Brewster’s angle.

Lastly, analytical absorptivity scaling equations are developed where
absorptivity is a function of the normalized enthalpy at melting and the 
normalized diffusion length for PBF-LB of Cu using both printed and 
machined substrates. These equations help to understand and model 
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Fig. 5. Illustrative diagram of laser material interactions during PBF-LB of Cu comparing printed and machined surface boundary conditions. Multiple ray 
scattering events are expected in printed substrates with higher roughness when compared to smooth machined substrates. Absorptivity versus angle of incidence 
for pure copper at a laser wavelength of 1064 nm is plotted for rough and smooth substrate boundary conditions using ray tracing simulation results from 
Bergström et al. [32]. 𝜎∕𝜏 of 0.5 to 2.0 corresponds to a rough printed surface condition, wherein 𝜎 is the root mean square (RMS) roughness and 𝜏 is the surface 
correlation length. Machined substrates would correspond to a low 𝜎∕𝜏 value of 0.01, which is close to the Fresnel absorptivity curve for Cu.
the effects of roughness differences and melting modes changes as a 
function of absorptivity during PBF-LB of Cu-alloys with near-infrared 
lasers.

Findings from this work help alleviate common concerns about the 
absorptivity of Cu and its alloys using near-infrared PBF-LB systems, 
especially with absorptivities greater than 90 % possible in the key-
hole melting mode. Additionally, the positive effect of higher surface 
roughness on absorption can aid AM practitioners in planning for 
the PBF-LB processing of similar high reflectivity materials (e.g. alu-
minium or silver alloys). Lastly, the analytical expression derived in 
the work for PBF-LB of Cu can also aid the development of compu-
tationally efficient temperature models. Future work would include 
modelling the specific effects of surface roughness on absorptivity 
using physics-based approaches, alongside modelling the relationship 
between PBF-LB absorptivity and front keyhole wall angle for Cu and 
other materials.
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