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A B S T R A C T   

Additive manufacturing build parameters are used to engineer structural metamaterials lattices with controllable 
mechanical performance, achieved through microstructural grading of 17-4PH steel without compositional or 
geometric modification. The high solidification rates of laser powder-bed fusion suppress the thermal martensitic 
transformation and lead to elevated levels of retained austenite. Diamond cubic lattices built at low energy 
density (low thermal strain) retain a low martensite phase fraction (3 wt%) and exhibit a bend-dominated 
compression response. Lattices built at high energy density experience increased thermal strain during the 
build, causing in-situ deformation-driven transformation, yielding 44 wt% martensite; these exhibit a stretch- 
dominated compression response. Metamaterial lattices, with high and low energy density parameters in 
different configurations, exhibit mixed compression responses. Controllable mechanical response was achieved 
through control of microstructure, using build parameters to adjust thermal strain and selectively suppress or 
trigger the martensitic phase transformation in-situ.   

1. Introduction 

Manufacturers need highly engineered materials capable of meeting 
stringent performance requirements, while also being easily recyclable 
for sustainability. Structural metamaterials are ideally placed to meet 
this need, applying lessons from Nature to component design by 
tailoring material response to local requirements. Fabricating these 
advanced material forms has only recently become achievable with 
emerging manufacturing technologies, yet they have the potential to 
transform component design [1,2]. 

Sustainable manufacturing processes require a composition-sensitive 
approach, ensuring that material is uncontaminated and value is 
retained for future recyclability [3]. To this end, it is essential to 
maximise the potential from existing alloys which are already in com-
mon usage and have well established recycling routes. Many of these 
alloys exhibit phase transformations associated with functional changes 
which may be exploited for metamaterial behaviour, maximising their 
potential and increasing sustainability in comparison to compositional 
grading [4]. 

Structural lattices are of particular interest for delivering lightweight 
components with excellent mechanical performance. The behaviour of a 

particular lattice depends on the combination of material selection, 
lattice cell geometry, relative density and loading rate [5,6]. Metal ad-
ditive manufacturing processes have been widely used to create lattices 
for applications from biomedical implants to crash impact absorption 
and heat transfer [7–9]. 

Geometrically graded lattices have been explored elsewhere in the 
literature. These have investigated modifications to the lattice unit-cell 
to achieve a tailored mechanical response, but this approach experiences 
issues associated with maintaining coherency and the impact on relative 
density, while generating the localised geometry modifications is 
computationally intensive [1,10–12]. 

An alternative approach is presented in this work, exploiting the 
high-resolution spatial control of thermal history, a feature unique to 
additive manufacturing (AM), to achieve functional grading without 
compositional or geometric adjustments. This is used to control the 
extent of thermally and mechanically sensitive solid-state trans-
formation from weaker, more ductile austenite to stronger, more brittle 
martensite, enabling the design and manufacture of mechanically 
graded metamaterials. 

Previous work has shown that steels which are near-fully martensitic 
when conventionally processed, like 17-4PH, can exhibit functionally- 
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beneficial transformation-driven behaviour when manufactured by 
Laser Powder Bed Fusion (LPBF) [13,14]. This arises from the fine so-
lidification cell structure, characteristic of LPBF-processed steels, sup-
pressing thermal martensitic transformation on cooling, and causing 
elevated levels of retained metastable austenite (>99 %). This austenite 
will readily transform to deformation martensite, either from in-situ 
strain during the build or from post-build processing, analogous to 
‘transformation induced plasticity (TRIP)’ steels. 

2. Material & methods 

Builds were carried out on the Aconity Mini laser powder-bed fusion 
system, which uses a 70 µm diameter Gaussian beam. Two powders with 
15–45 µm particle size distributions were compared, a 316 L powder 
manufactured by Carpenter and nitrogen-atomised GP1 manufactured 
by EOS; GP1 powder meets the specification for 17-4PH (Table 1) 316 L 
shows the mechanical response of a non-transforming austenitic mate-
rial in comparison to the expected controllable variation in martensite 
phase content in 17-4PH. The comparison also ensures that the me-
chanical behaviour of 17-4PH is not due to build quality changes such as 
porosity or grain size because this would also be evident in the 316 L 
samples. 

The selection of build strategies concentrated on the normalised 
energy density E* (Eq. (1)) and thermal strain parameter ε* (Eq. (2)) 
[17,18]. 

E∗ = n Q

(2 V L rB)
1

ρCP(Tm − T0)
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(1)  
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t V w
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̅̅̅
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√
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n Q

V

)3/2
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Energy density is a widely used concept in additive manufacturing, 
although the calculation approach varies across the literature. The 17- 
4PH material and Aconity Mini machine parameters (n, rB, ρ, CP, Tm, 
T0) used in these equations are listed in Table 2. The build specific pa-
rameters are (Q, V, L, H) are listed in Table 3. 

Thermal strain has been assessed using the thermal strain parameter 
ε*; this is not a quantitative measure of strain, but rather a normalised 
parameter that enables comparison between build conditions. Here, β is 
volumetric thermal expansion coefficient, E is elastic modulus, I is sec-
ond moment of area, t is the characteristic time, w is melt pool length 
and α is thermal diffusivity. 

The characteristic time is defined as the time to travel the length of 
the track; in this instance, the track length has been taken to be the strut 
diagonal, which is 1 mm. The second moment of inertia is geometry 
dependent, however all the lattices have the same nominal geometry, so 
this has been set to 1. Further, β E and α have all been set to 1 as this is a 
comparative analysis within a single material type, and not being related 
back to true strain. With these modifications, the strain parameter 
equation simplifies to the form shown below. 

ε∗ = (Tm − T0)t V w
̅̅̅

ρ
√

(

n Q

V

)3/2

(3) 

The melt pool length w is more complex, as it depends on the build 
parameters themselves. It has been estimated from a model using the 
Eagar equation, reproduced in Appendix C, for a continuously moving 
Gaussian beam [20]. This includes a number of assumptions, including 
modelling as a solid rather than a powder, and with no adjustment for 

the latent heat of melting, but these are judged acceptable for its use 
here as a relative parameter. The build parameters and their corre-
sponding E* and ε* are shown in Table 3 (fill offset is discussed in Ap-
pendix A). Generally, high energy density (E*) is associated with high 
thermal strain (ε*) which is expected given the construction of their 
respective equations. 

The Low E* parameters are based on the default for 316 L stainless 
steel on the Aconity Mini; 316 L and 17-4PH have similar compositions 
and thermal material properties, so this is expected to give good build 
quality. The High E* parameters are based on previous work using 17- 
4PH on a Renishaw SLM125 system; the Renishaw used a pulsed, 
rather than continuous, laser beam so the power and travel speed have 
been adjusted to achieve comparable melt pool dimensions [20]. 

The melt pool length predicted by the model ranges from 376 μm for 
the Low E* condition to 590 μm for the High E* condition. It is not 
possible to calibrate this by analysis of the built components, as the melt 
pool length cannot be distinguished after solidification. Literature on in- 
situ synchrotron x-ray imaging of laser powder-bed fusion measured 
melt pool lengths of 400 μm for a build at 208 W laser power and 200 
mm/s travel speed; this used a 100 μm laser spot diameter, which is 
larger than the 70 μm used in the Aconity Mini, so would be expected to 
produce a shorter, wider melt pool for the same laser power and travel 
speed [21]. 

The selected lattice geometry was diamond cubic, which had a face- 
centred cubic node distribution, and space group Fd3m. The Maxwell 
stability criterion (4), M, classifies this as a bend-dominated geometry 
(M < 0), according to the number of struts, b = 16, and nodes, j = 14, in 
the unit cell [6]. 
M = b − 3j + 6 (4) 

The lattice had a unit cell side length of 5 mm (node centre to node 
centre). The nodes were 1.2 mm diameter, and the struts were square 
sectioned with 1 mm across the diagonal. The samples were built as 
blocks with 5 unit cells in each direction. The bottom nodes were 
extended downwards by 1.0 mm, to allow for material loss when the 
parts were removed from the baseplate by EDM. The relative density has 
been calculated to be 11.4 % from the CAD geometry of the basic unit 
cell. A render of the unit cell is shown in Fig. 1. 

To examine the influence of microstructural grading on mechanical 
response, a composite-style metamaterial structure was superimposed 
on the lattices (Fig. 2). The configurations included uniform lattices (A1 
& A2), splitting into nodes and struts (B1 & B2), alternating layers (C1 & 
C2), and vertical pillars with infill (D1 & D2). By volume, the node/strut 

Table 1 
Powder chemistry for EOS GP1 compared with 17-4PH specification.  

(wt%) C Cr Cu Fe Mn Mo Ni Nb P S Si 
Powder 0.05 15.1 4.0 Bal 0.4 0.1 4.3 0.23 <0.01 <0.01 0.6 
17-4PH Specification [16] 0.07 max 15.0–17.5 3.0–5.0 Bal 1.0 max – 3.0–5.0 0.15–0.45 0.04 max 0.03 max 1.0 max  

Table 2 
Material and machine parameters used for calculation of energy density E* and 
thermal strain parameter ε*.  

Parameter Symbol Value Reference 
Absorption 

efficiency 
n 0.65 [19] 

Beam radius rB 35 µm Measured on machine during 
commissioning 

Alloy density ρ 7.75 g cm−3 
[16] 

Specific heat 
capacity 

CP 460 J kg−1 

K−1 [16] 
Solidus 

temperature 
Tm 1677 K [16] 

Ambient 
temperature 

T0 298 K N/A  

F.S.H.B. Freeman et al.                                                                                                                                                                                                                        
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combinations were 50:50 split, the layered structures were 60:40 split 
and the pillared structures were 16:84 split. The graded lattices were 
created with separate CAD models for each parameter set with coinci-
dent mating faces. 

Quasi-static compression testing was carried out using a crosshead 
approach speed of 0.5 mm/min. The compression contact area was 
taken to be 625 mm2, corresponding to the 25 mm distance between the 
centres of the spherical corner nodes on the contact surfaces, although 
strut distortion means this may have increased during the test. Future 
work will incorporate square end-plates to avoid strut distortion effects. 

The initial section of the data, before the stress starts to increase 

continuously, has been removed from the analysis; this corresponds to 
any as-built distortion being straightened out and the platen coming into 
full contact. The sample height has been taken as the distance between 
the platens at the end of this initial section. The raw data was affected by 
high frequency noise, so it has been processed through a low-pass filter 
to remove this and clarify the low frequency signal. 

During compression testing, images were captured for 2D digital 
image correlation (DIC), to track the pattern of displacement through 
the test. A speckle pattern was applied to the samples for displacement 
and strain measurement throughout the test. The displacement field is 
presented here because the local strain of each individual node/strut is 
low in comparison to the overall strain of the sample. Similar studies 
presenting strain have used smoothing algorithms, however the 
displacement field is equally informative without the introduction of 
errors associated with such smoothing. 

3D DIC was investigated for this application to eliminate strain error 
associated with out of plane displacement, however the highly curved 
geometry of the struts caused difficulties in achieving a good correlation 
between the cameras, and 2D DIC was determined to provide acceptable 
results. 

Microstructural characterisation on additively-built 17-4PH has 
previously been found to be challenging, due to the highly metastable 
nature of the retained austenite. The cutting and polishing processes 
used for preparation of samples for both optical and electron microscopy 
have been demonstrated to cause additional deformation-driven 
martensitic transformation, reducing their accuracy for determining 

Table 3 
Build parameters for High and Low energy density conditions. The Low E* power, speed, hatch and layer thickness are the default Aconity Mini parameters for 316 L 
stainless steel. Fill offset is discussed in Appendix A.   

Power Speed Hatch Layer Fill Offset MP Length E* ε*  
Q (W) V (mm/s) H (µm) L (µm) (µm) w (µm)  x 10−3 

Low E* 150 800 80 30 0.00 376 5 0.25 
High E* 195 280 30 30 0.15 590 51 2.82  

Fig. 1. Unit cell of the 3D printed lattice in front and isometric views.  

Fig. 2. Sample configurations and built samples of Diamond Cubic lattices. Pink indicates High E* regions, green indicates Low E* regions. Square bases on graded 
structures were used for alignment between the separate CAD models and were not included in the physical build. 
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as-built phase fractions of martensite and austenite [14,15]. 
Phase characterisation has therefore been carried out using a 

superconducting quantum interference device (SQUID) to determine the 
saturation magnetisation Ms, following an approach described in the 
literature and including shape correction for non-spherical samples [13, 
20,22–24]. SQUID is limited to very small samples (0.01–0.03 g). In 
preliminary work, test material was harvested from the lattices by cut-
ting off small pieces from the outer faces, but this proved difficult to 
achieve without causing local deformation, creating new martensite and 
making the test material unrepresentative of the as-built bulk. To miti-
gate this, a series of individual ‘node + strut’ samples were built spe-
cifically for SQUID measurement, using just the High E* and Low E* 
build conditions, and removed from the baseplate with a sharp chisel. 
This was judged to provide the smallest and most localised deformation 
zone, minimising the extent of post-build deformation-driven 
transformation. 

3. Results 

Fig. 3 shows a selection of the lattice samples before compression 
testing. The samples all built successfully, with no obvious discontinu-
ities between regions built with different parameters. The High E* pa-
rameters produced material which was slightly more reflective than the 
Low E* material. 

Phase characterisation of the 17-4PH material under different build 
conditions was carried out using SQUID, on individual ‘node + strut’ 
samples which had been built specifically for the analysis. The Low E* 
parameters produced a very low martensite content (3.1 ± 0.5 wt%), 
while the High E* parameters produced a much higher martensite 
content (43.7 ± 2.3 wt%). This is consistent with previous work on bulk 
LPBF 17–4PH [13,14]. Raw data is included in Appendix B, Table 4. 

Engineering stress-strain curves for the 17-4PH metamaterial lattices 
are shown in Fig. 4, with corresponding displacement maps generated 
by 2D-DIC shown in Fig. 5. The test was performed with a machine 
wherein the bottom ram moved and the top plate was stationary, 
therefore the DIC results indicate high displacement at the bottom of the 
image, approaching 0 mm at the top. 

The A1 sample (High E*) had a classic stretch-dominated response 
with a higher initial yield, followed by post-yield softening as a layer of 
cells collapses, with this pattern repeating for each layer in the structure 
sequentially. Conversely, the A2 (Low E*) sample showed a bend- 
dominated response, with a lower initial yield, followed by a long 
plateau before densification. The plateau in A2 does have a gradually 
increasing stress, caused by work hardening. The two structures showed 
similar elastic responses prior to yield. The displacement field in Fig. 5 
shows these two behaviours clearly; the A1 sample having its first two 
layers collapsed evident from the striations in the displacement 
magnitude while the A2 sample displays a smooth gradient of 
displacement. The A2 sample additionally shows barrelling, indicated 
by the higher magnitude toward the edges at the vertical centre of the 
sample. 

The six metamaterial lattice structures (B1–D2) show combinations 
of the stretch and bend dominated behaviour exhibited by A1 and A2, 
although at different phasing and amplitude. This is particularly 
demonstrated in the DIC image of displacement in sample D1, which 
shows the effect of the High E* corner pillars surrounding a central Low 
E* matrix. Sample B1 shows much less barrelling than that of A2 or B2, 
as evidenced by an equal displacement across each vertical layer, 
demonstrating that the material properties of the nodes are a dominant 
factor in the barrelling behaviour. 

Engineering stress-strain curves for the 316 L and 17-4PH lattices 
together are shown in Fig. 6; the 316 L lattices were built for just the A1 
(High E*), A2 (Low E*) and B1/B2 (nodes/struts) configurations, and 
were tested without 2D-DIC. In all cases, the 316 L lattices show a bend- 
dominated response, with no significant differences between the High 
E* and Low E* build parameters or the metamaterial configurations. 

4. Discussion 

Previous work on additively manufactured 17–4PH steel has 
demonstrated that it is possible to fully stabilise austenite through the 
use of low energy density (low strain) build parameters, although 
martensitic transformation can be easily triggered by post-build defor-
mation [14]. The retention of metastable austenite is achieved due to the 
fine solidification cell structure that arises from the high solidification 
rates associated with laser powder-bed fusion, which suppresses the 
thermal martensite start temperature [25,26]. It has also been shown 
that high energy density (high strain) build parameters drive partial 
martensitic transformation in-situ, due to the higher thermal strain 
accrued during the build process. This was previously exploited to 
enable fabrication of a magnetically graded metamaterial, but it also has 
the potential to create a mechanically graded metamaterial, without the 
need for compositional modification. 

Literature shows that 17-4PH built with parameters comparable with 
the low energy density (Low E*) condition used here and no post-build 
heat treatment produced a material with a yield strength of 570 MPa, 
which work hardened and achieved 50 % elongation at failure [27]. This 
material was reported to have 50–75 wt% austenite, although this was 
based on XRD from a cut and polished surface, so may be an underes-
timate. Samples were also heat treated; this would recover the dense 
dislocation walls around the solidification cells, removing the barrier to 
thermal martensitic transformation on cooling. The heat treated samples 
showed an increase in yield strength to 857 MPa, with a corresponding 
reduction in elongation to failure to 7 %. There was no analysis of phase 
in the heat treated condition, but the increased strength and reduced 
ductility is characteristic of a higher martensite phase fraction. For 
comparison, wrought solution-treated 17-4PH has a yield strength of 
1103 MPa, elongation to failure of 5 % and is near-fully martensitic [28, 
29]. 

Taking this phase-driven change in mechanical performance, and 
combining it with the ability to control phase through in-situ strain 
driven by the build parameters, a series of structural metamaterial 

Fig. 3. Lattice samples for metamaterial configurations C1, C2, D1 & D2. Higher energy density regions were slightly more reflective than lower energy density 
regions. Colours on the top face were for used sample identification during EDM removal from the baseplate. 
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lattices were designed with different configurations of the two phases. 
These included uniform lattices, and lattices split by nodes and struts, 
split by horizontal layers and split by vertical pillars. The samples were 
based on a diamond cubic lattice structure, with a 5 mm unit cell edge 
length. The samples were built in both 17–4PH, which was expected to 
be austenitic in the Low E* condition and partially martensitic in the 
High E* condition, and in 316 L which was expected to be austenitic in 
both High E* and Low E* conditions. 

Phase quantification has been previously carried out on bulk samples 
of additively manufactured 17-4PH built using comparable build pa-
rameters, but component geometry is a factor in the thermal strain 
calculation (Eq. (2)), and has been shown to have an effect on martensite 
content [13]. It was therefore necessary to confirm which phases were 
present in the 17-4PH lattice struts. Even from bulk it is challenging to 
prepare a suitable surface from additively build 17–4PH for XRD or 
EBSD without triggering unintentional deformation martensite, and this 

would have been exacerbated with a lattice geometry. Instead, SQUID, a 
magnetic technique, was used to analyse individual ‘node + strut’ 
samples which were representative of the lattice geometry but required 
no surface preparation. SQUID cannot distinguish between ferrite and 
martensite, and it was assumed that the ferromagnetic phase is 
martensite and the paramagnetic phase is austenite, with no ferrite 
present. 

Low energy density (Low E*) parameters are associated with low 
thermal strain (Low ε*). SQUID analysis reported that individual ‘node 
+ strut’ samples built from 17 to 4PH with the Low E* parameters had <
4 wt% martensite. In contrast, using high energy density (High E*) pa-
rameters, which are associated with high thermal strain (High ε*), 
yielded a martensite content of >43 wt%. These are both slightly higher 
martensite fractions than reported in previous work, which could be due 
to geometric effects associated with the shape of the strut or the method 
of removal from the baseplate, however there was a significant 

Fig. 4. Stress-strain response for Diamond Cubic lattices built in nitrogen atomised 17–4PH. A1 and A2 were uniform build parameters throughout. B1/B2 were split 
by nodes & struts. C1/C2 were split by horizontal layers. D1/D2 were split by corner pillars and infill. 

Fig. 5. Displacement after 6 mm of vertical platen movement for Diamond Cubic lattices built in nitrogen atomised 17–4PH, recorded by 2D-DIC. The A1 sample 
(High E*) shows complete crushing of the bottom layer, with minimal distortion elsewhere. The A2 sample (Low E*) shows general activation across the whole 
sample, with failure concentrated along the face diagonal. The metamaterial samples (B1-D2) show mixed mode behaviour depending on the arrangement of the two 
build conditions. 
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difference in martensite content between the two build conditions, 
which was the intention. 

Quasi-static compression testing of the uniform 17–4PH samples 
showed a marked difference in mechanical response, and 2D-DIC illus-
trated this contextually. The A1 (High E*) sample, which had a higher 
martensite content, showed a stretch-dominated response with layer-by- 
layer collapse. In contrast, the A2 (Low E*) sample, which was almost 
fully austenitic, showed a bend-dominated response where the sample 
failed along the face diagonal. The stress strain curve for A1 shows peaks 
and troughs as each layer yields and collapses, while the curve for A2 
shows a lower initial yield point, followed by a rising plateau as the 
material work hardens. The A1 behaviour is better for load-resistance, 
required for light-weighting in structural applications. The A2 behav-
iour is more suited to impact protection, where the long plateau after 
yield maximises the energy-absorption and protects the underlying 
material from damage. 

The metamaterial samples (B1-D2), which had various configura-
tions of the High E* and Low E* build conditions, showed intermediate 
behaviour. B1 and B2, which were split by nodes and struts, both had an 
initial yield point around 15 MPa, comparable with that for A2, followed 
by a bend-dominated plateau up to 20–30 % strain, and then a series of 
peaks and troughs indicative of stretch-dominated layer-by-layer 
collapse. C1 and C2, which had horizontal layers, had a slightly higher 
yield stress of 20 MPa and the work-hardening plateau extended up to 
40–50 % strain before exhibiting the peaks and troughs of layer-wise 
collapse. D1, with martensitic pillars and austenitic infill, showed very 
similar behaviour to A2, but shifted to a higher stress level for the same 
strain; this can be seen on the DIC image where the corner pillars show a 
different displacement behaviour. D2, with austenitic pillars and a 
martensitic infill, is very similar to A1 with a primarily stretch- 
dominated response. 

The samples built in 316 L were designed to confirm that any dif-
ferences in mechanical response observed in the 17–4PH samples were 
due to phase content and not from other solidification effects. As ex-
pected, all four samples built in 316 L exhibited a bend-dominated 
austenitic response with low yield stress (~13 MPa) and a long 
plateau extending up to 60 % strain before the onset of densification. 
There was no shift from bend-dominated to stretch-dominated behav-
iour with build energy density in the A1 and A2 configurations, and no 
intermediate behaviour from the B1 and B2 configurations. 

5. Conclusions 

In summary, this work has demonstrated that it is possible to use 

laser powder-bed fusion build parameters (laser power, travel speed, 
hatch spacing) to adjust in-situ strain to achieve a controllable variation 
in martensite phase content and thereby tailor the mechanical response 
of structural metamaterial lattices without compositional or geometric 
modification. This has enabled lattices to be manufactured from the 
same alloy showing both stretch-dominated behaviour, suitable for 
light-weighed load-bearing applications, and bend-dominated behav-
iour, suitable for energy-absorbing impact applications. This gives a 
route to the design and manufacture of mechanically graded meta-
materials which can display strength and ductility in different regions 
according to the individual component requirements. The avoidance of 
compositional modification enables recycling both of unused powder 
during the build and of the built component at end-of-life. 
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Appendix 

A: Strut Thickness 
Strut thickness is a key parameter in the mechanical performance of lattice structures. It was identified during preliminary work that the actual 

strut thickness produced is influenced by the build parameters, such that high energy density parameters, making a larger melt pool, also produce 
thicker struts for the same scan strategy and CAD geometry. 

To enable simpler CAD modelling, this was investigated through the ‘fill offset’ rather than by adjusting the CAD model. The fill offset is a 
parameter in the build software (Autodesk Netfabb Premium 2022) which describes how closely the laser approaches the edge of the fill area for a 
given region of geometry. A fill offset of 0.10 mm means that the centre point of the laser will go to within 0.10 mm of the CAD definition for the edge 
before turning round. Dimensional accuracy of the built component relies on choosing the appropriate fill offset for the size of the melt pool, which is 
itself dependent on the laser power, travel speed and laser spot size. 

The low E* regions were set to a fill offset of 0.00 mm, where the laser would approach right to the edge of the CAD geometry. Preliminary work 
indicated that the High E* parameters should use a fill offset of 0.15 mm to achieve an equivalent strut thickness to the Low E* parameters. 

B: SQUID Raw Data 

Table 4 
Volume fraction martensite for High E* and Low E* build conditions in 17-4PH lattice geometries determined from saturation magnetisation, as an average of 5 
samples.   

Sample # Shape Correction Factor [24] Saturation Magnetisation 
emu/g 

Phase Fraction Martensite 
vol% 

Low E* 1 0.90 4.3 2.7  
2 0.92 4.7 2.9  
3 0.85 6.2 3.8  
4 0.92 5.3 3.3  
5 0.86 4.2 2.6 

High E* 1 0.91 77.3 47.8  
2 0.89 69.0 42.6  
3 0.90 70.0 43.2  
4 0.91 68.0 42.0  
5 0.89 10.1 43.2  

C: Melt Pool Estimation 
The Eagar model to predict the melt pool size is reproduced here, a MATLAB script was used to iterate the model at progressively longer time 

intervals until the predicted melt pool size no longer changes. 

T − T0 =
∫ t=max

0

nQ

πCpsol(4πas)1/2
ast1/2 + σ2

exp

(

− X2 + Y2 + 2Xvt + 2iπt

4ast + 2σ2
− Z2

4ast

)

dt (5) 

Where: Cpsol is the specific heat capacity of the solid material, 460 J kg−1 K−1; n is the laser efficiency; Q is the laser power; X, Y, and Z are the 
positions in the direction of, perpendicular to, and normal to the laser travel respectively; vt is the laser travel velocity; σ is the standard deviation of 
the gaussian distribution; and as = 6.32×10−6 m2 s−1 is the thermal diffusivity. The last term is approximately 2.5 × 10−9 m2 and the beam radius 
term, σ2, around 1.2 × 10−9 m2. Here the dominant term 2as,t + σ2 describes the distance over which heat is transferred which is a function of the 
thermal diffusivity in the solid 2as,t the time t and the beam radius σ. Readers are referred to [20] for further details regarding melt pool size 
calculations. 

D: Nominal chemical composition 
The chemical composition of samples built with the high and low energy parameters were confirmed to be almost identical and within the expected 

range from the manufacturer for the power via inductively coupled plasma (ICP) spectroscopy and LECO elemental analysis for Carbon and Oxygen.   

Element High E* (%) Low E* (%) Element High E* (%) Low E* (%) 
Al <0.05 <0.05 P 0.006 0.005 
B <0.02 <0.02 Si 0.69 0.64 
Co 0.07 0.06 Sn <0.02 <0.02 
Cr 16.24 16.10 Ta <0.02 <0.02 
Cu 4.00 4.42 Ti <0.02 <0.02 
Fe 73.80 73.56 V 0.06 0.06 
Mn 0.33 0.42 W 0.02 0.02 
Mo 0.08 0.07 C 0.04 0.05 
Nb 0.28 0.26 O 0.021 0.031 
Ni 4.36 4.30     

E: Porosity 
Density was measured using the Archimedes principle revealing an approximate 0.2 g/cm3 decrease for High E* samples; sectioning revealed some 

porosity in these samples. This increases the effective stress on the struts and nodes, thus further verifying the difference is due to the architected phase 
difference because the load bearing capacity of the high energy samples was greater than that of Low E* samples.  
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Sample Density (g/cm3) Sample Density (g/cm3) 
High E* 1 7.682 Low E* 1 7.853 
High E* 2 7.685 Low E* 2 7.808  

Fig. E1 shows pores identified by focus variation on samples sectioned using wire EDM. The pores have been highlighted for ease of identification 
by the reader. Using ImageJ [30] the High E* Sample was found to be 96.457 % dense and the Low E* sample 98.359 % dense.

Fig. E1. Pores identified in sectioned samples.  
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