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INTRODUCTION 
Across the spectrum of 3D printing, or Additive 
Manufacturing (AM), understanding of the 
process-structure-process-performance (PSPP) 
relationships depend on accurate 
measurements. The materials made are 3D, and 
so 3D measurements, in addition to 2D 
measurements, provide great insight throughout 
the PSPP chain. This work will provide an 
overview of several measurement technologies 
that have recently been deployed in our project to 
take such measurements, and include relevant 
findings of these measurements. The 
measurement systems can be categorized based 
on the point in the manufacturing and use 
process in which they are used. In-situ process 
measurements refer to those measurements 
taken during the material manufacturing. 
Alternatively x-ray computed tomography (XRCT) 
with in-situ mechanical testing, refers to the 
process of taking 3D images during deformation 
of an already-produced part. 
 
PROCESS-STRUCTURE MEASUREMENTS 
The first class of measurements elucidate the 
manufacturing process, for which there are two 
examples in our recent work. The first is atomic 
force microscope (AFM)-based measurements 
[1], which can be used in-situ to deduce changes, 
such as viscosity and thin-film compliance which 
are indicative of chemical changes in the resin 
and cure. This can be used to, e.g., measure 
conversion ratio. See Figure 1 for a schematic of 
the experiment. Using this modality, 
measurements of the local conversion inform 
processing choices – when geometric features 
match diffusion lengths, geometric aberrations 
were observed to increase. For instance, even 
with equal dose, higher irradiance was shown to 
decrease the fidelity of a patterned ring due to 
unintended polymerization. Figure 2, reproduced 
from [2], demonstrates the measurement of this 
effect in-situ, shortly after UV exposure. Detailed 

measurement of the UV cure process enabled    
by in-situ AFM can thus reveal fundamental 
limitations and opportunities in the high-
resolution fabrication of complex, 3D objects with 
stereolithographic techniques. While this first 
form works will for polymers, its application to 
metals is practically impossible. In order to 
achieve similar insights for metals, in-situ 
synchrotron-based measurements of single-
track, laser-based powder melting is conducted. 
In our work, we have recently been considering 
differences in factors such as substrate 
geometry, chemistry, and powder size [3]. See 
Figure 3 for an example of these images. Larger 
powder sizes tended to have more internal pores, 
which remained trapped in the melt pool and 
eventually contributed to final porosity in the 
solidified melt tracks. Cover gas chemistry did not 
seem to significantly impact the melting behavior, 
despite differences in heat transfer coefficient. 
 

 
FIGURE 1. Schematic illustration of in-situ 
polymer cure experiment combining UV 
illumination, a photocurable resin, and an AFM 
with the tip immersed in the resin. See [1] for 
details. 
 



 
FIGURE 2. Plots of height versus position 
measured in-situ with the AFM instrument; this 
demonstrates the different polymerization profiles 
achieved with varying irradiance and same total 
dose. Reproduced from [2] with permission. 
 

 
FIGURE 3. In-situ melting of two different particle 
size distributions a) 45 µm to 75 µm, b) 75 µm to 
106 µm. Reproduced from [2] with permission. 
 
STRUCTURE-PROPERTIES 
MEASUREMENTS 
The second class of measurements utilize micro 
x-ray computed tomography (XRCT) and a load 
frame mounted inside the XRCT instrument to 
make interrupted in-situ measurements during 
load progression. We have done these 
experiments on several classes of materials. For 
instance, using this method we can measure pore 
deformations during uniaxial tensile loading of an 
IN718 specimen created with laser powder bed 
fusion (PBF-LB/M), along with digital image 

correlation to measure surface strains 
concurrently with the in-situ experiment [4]. See 
Figure 4 for demonstration pore and surface 
deformation measurements. From this, factor 
influencing local mechanics such as pore grow 
and deformation localization can be computed. 
The pore deformation data is informative in term 
of ductile behavior, and can inform and serve to 
validate computational models with high fidelity. 
Similar experiments could be conducted in 
compression and fatigue loading. 
 

 
FIGURE 4. Example pore deformation 
measurements throughout loading, along with 
surface strain maps [3], reproduced with 
permission. 
 
STRUCTURE-PROPERTIES-PERFORMANCE 
MEASUREMENTS 
Although ex-situ, before-and-after 3D imaging 
can also be informative. For instance, a series of 
3D XRCT measurements taken before fatigue 
testing can be correlated with fatigue 
performance and post-failure fractographic 
analysis to determine probable-cause failure 
sites and furthermore develop a more nuanced 



understanding of the impact surface features 
have upon fatigue life, at least in the context of 
rotating bending fatigue with as-printed surface 
for PBF-LB/M IN718 [5]. Figure 5, reproduced 
from [5], shows surface profiles made from XRCT 
scans of fatigue coupons, and the resulting lives 
of a number of such coupon. Figure 6 relates 
failure cite to the surface measured before 
testing, and demonstrates that simply identifying 
the deepest not may not be sufficient – the failure 
initiating feature was not the deepest one. 
 

 
FIGURE 5. Surface profiles measured from 
XRCT on top; stress-life chart with different 
surface characteristics. Reproduced from [5] with 
permission. 
 

 
FIGURE 6. a) Surface profile map with deepest 
feature (orange arrow), and failure initiating 
feature (red arrow) marked; b) SEM image of 
fracture surface and specimen surface near 
fracture surface, for comparison to d), the pre-test 
XRCT image used to identify the deepest surface 
notch, which is rendered in 3D in c). Reproduced 
with permission from [5]. 
 
 

CONCLUSIONS 
Although a range of technologies have been 
discussed, the overall take-away is that careful 
3D experiments throughout the PSPP workflow 
help to understand key mechanics across the AM 
portfolio, matching the production capabilities to 
the measurement capabilities. These 
measurements serve to inform better AM builds 
in terms of resolution, fidelity, and material quality 
and density. They also allow for more rigorous 
understanding of the material deformation 
characteristics, which may inform more predictive 
models. Finally, they can elucidate the failure 
modes in novel ways, such that build choices and 
models can be made to optimize factors such as 
production rate, fatigue life, and part/feature 
resolution. 
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