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ABSTRACT 
 
The simulation of additively manufactured (AM) 

Polylactic Acid (PLA) tensile specimen is discussed.  The 
procedure of evolution and use of a material definition for 
finite element simulation (FEA) of Polylactic Acid (PLA) 
printing is discussed, using the programs MCQ-Chopped, 
MCQ-Composites, ABAQUS, and GENOA.    
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1 INTRODUCTION 
 
Capturing the relations between a manufacturing process 

and the properties imposed by the technique are key to being 
able to exploit the limits of that process.  Process-Structure-
Property-Performance (PSPP) relations, as shown in Figure 1, 
divide the aim of manufacturing into smaller goals which 
themselves need realization to achieve the overall aim.   
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Figure 1:  PSPP relations in a manufacturing environment 

 
The reductions in lead times and geometric freedom 

offered by AM are unparalleled by any other manufacturing 
technique, however, the complexity of process-based degrade 
in AM hinders the practicality of even the most basic parts.   

2   PROCESS-PROPERTIES MODELING 
 
The software GENOA is a micromechanics modeling 

tool that can capture process-property degradation in an AM 
process, as outlined in Figure 2. 

 

 
 

Figure 2: The procedure of process modeling using GENOA, 
MCQ-Chopped and MCQ-Composites 

 
  capability has been used in qualification of 

AM processes for several AM materials, such as ULTEM 
1010 [1], and ABS-CF13 [2].  This report aims to qualify a 
more mainstream AM material, PLA. 

MCQ-Chopped uses a predictive algorithm to match 
tensile data by introducing of a damage model imposed on 
neat material properties, thereby including the effect of voids 
introduced by AM.  Input data was augmented with data 
extracted from literature, extending the predictive model to 
predict response to an arbitrary loading.  Moreover, MCQ-
Composites extends the MCQ-Chopped model to include 
temperature dependency by coupling the model with a 
temperature-dependent modulus (TDM) found in 
literature [3], a key parameter in the determination of residual 
stresses.  Material constants output from MCQ-Composites  
formed part of a ABAQUS user subroutine (UMAT), which 
was used to predict the expected residual stresses in a 
manufactured AM part by use of the software GENOA. 

GENOA uses a three-phase process: (1) a thermal 
simulation, to establish a (both) time-and-position-dependent 
temperature field for the AM part, (2) a simulation to predict 
residual stress, given temperature data in conjunction with a 
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temperature-dependent coefficient of thermal expansion and 
TDM, (3) a service loading simulation follows to predict the 
mechanical response, given both the predicted level of 
residual stresses, and the anticipated loading conditions. 

 
3   MCQ-CHOPPED 

 
The ultimate tensile strength (UTS) and the ultimate 

compressive strength (UCS) of PLA were assumed to be 60 
MPa and 110 MPa, respectively [4], [5].  An ultimate shear 
strength (USS) assumption was based on an empirical 
estimate relating to tensile strength [6].   

Cylindrical voids parallel to the raster orientation were 
assumed to exist with a 3.5% volume ratio giving rise to 
directional dependent strengths of 59.8 MPa in the 11-
direction, and 52.7 MPa in the 22 and 33-directions.  A 
stepwise algorithm then matched the rate of strength 
degradation with increasing strain to tensile data.  Data was 
reduced to the minimum necessary number of points without 
failing to capture the characteristic of the stress-strain 
response, as the algorithm evaluates the coefficient of 
correlation at each point set.  From the rate of degradation in 
tension, micromechanics algorithms and homogenization 
techniques (Mori-Tonaka and Eshelby failure theories [7]) 
predict the rate of degradation in the other loading modes 
(compression, shear, varieties of combined loading), allowing 
construction of an efficient model for predicting the stress-
strain response for an arbitrary load case. 

 
4   MCQ-COMPOSITES 

 
MCQ-composites estimated the TDM via a cure kinetics 

algorithm which calculated TDM given pre-exponential 
factors and activation energies [8].  Figure 3 shows the 
comparison of predicted and empirically measured TDM [3]: 

 
 

Figure 3: Modulus versus temperature for PLA, (Black 
squares: empirical data, red squares: predicted) 

 
As the above noted approach is computationally intensive, 

a multifactor approach was favored, where, at each 
temperature, applicable mechanical properties were degraded 
according to the following relationship [1]:  

 

 
In Equation (1),  is the degraded property, 0 is the property 
at ambient temperature, T0 is the ambient temperature, Tg is 
the glass transition (60°C), and T is the temperature of 
interest.  The multifactors, , are determined to match the 
TDM given by cure kinetics.  The multifactor approach only 
holds valid: a.) below the glass transition temperature, and b.) 
when all three direction-dependent moduli match the 
corresponding moduli by cure kinetics.  The predicted 
properties and stress-strain responses at each temperature 
interval populated a ply definition, and were exported to a 
UMAT card, which was appended using a text editor.   
Conductivity entries were given by reading temperature-
dependent conductivity into MCQ-Chopped [9], producing a 
temperature-and-direction-dependent matrix of values.  The 
temperature dependence of density [10], specific heat [10], 
and coefficient of linear thermal expansion [11] entries are all 
captured from literature.  The base plate was defined using a 
section of a UMAT card for another material (ABS-CF13) as 
a template, replacing the definitions of the steel base plate 
used in the tutorial with one of borosilicate glass [12]. 
 

5   GENOA 
 
The UMAT card was one of two file-based inputs to the 

graphic user interface (GUI) in GENOA.  The second being 
the g-code for the AM part.  Several input parameters were 
given by geometry (following the right-hand coordinate 
system common to all AM printers):  the mesh divisions in x 
were taken to capture one full raster width, and the divisions 
in y were taken to define a uniform mesh.  The  number of 
elements in the layer with the largest footprint defined the 
lumped elements, and the heating step ratio was taken as the 
ratio of element print time over layer print time.  The ambient 
and transmission coefficients required initial estimates and a 
calibration process to match the gradient given by a thermal 
imaging camera (Shown in Figure 4). 

   

 
 

Figure 4: Temperature  in an AM process at (left) 2.5 mm 
from the current layer, and at (right) the steady state layers 
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The GUI derived a mesh for the part, and generated input 
files for a thermal simulation, and a residual stress simulation.  
The gradient shown in Figure 4 was matched by adjustment 
of the initial estimates of the ambient temperature and the 
transmission coefficients, followed by sucessive simulations 
of the 1:1 geometry observed in Figure 4, giving rise to the 
gradient and input parameters shown in Figure 5. 

 

 
 
Figure 5: Predicted Thermal Field in a ½-scale ASTM D638 

Type IV Tensile Specimen [13] During Printing 
 

The thermal field and residual stresses for three 1/8-scale 
specimen were then simulated, predicting stress for specimen 
with loading a.) along raster direction, b.) loading transverse 
to raster direction (both shown in Figure 6), and c.) loading 
out-of-plane with respect to raster direction.  (cf. Figure 7) 

 

 
 

Figure 6: Predicted residual stress shown adjacent to 
corresponding raster orientation in a tensile specimen for 

layers with A.) longitudinal rasters, and B.) transverse rasters 
 

 
Figure 7: Predicted residual stress shown adjacent to 

corresponding raster orientation in a vertical tensile specimen 
 

The stress state in Figure 7 is fed forward to a service 
loading simulation as an initial condition, and is strained to 
fracture.  The service loading simulation is a geometric 
duplicate of the mesh used for the residual stress simulation 
(absent the element definitions for the base plate).  The 
service loading simulation is given a simplified material 
definition, as a temperature dependent definition is no longer 
needed, and is executed as a mass-scaled, dynamic, explicit 
simulation.  Fracture is seen to occur at 49.4 MPa in the case 
of specimen with longitudinally oriented rasters (shown in 
Figure 6, A), 41.1 MPa in the case of specimen with 
transverse rasters (shown in Figure 6, B), and 42.9 MPa for 
specimen loaded along layer boundaries (shown in Figure 7).  

Characteristically, all orientations simulated seemed to 
exhibit the same fracture pattern, breaking at the end of the 
gauge length. A vertically oriented specimen, loaded along 
layer boundaries is shown below, in Figure 8: 

 
Figure 8: Fracture of a section along the gauge length of a 

vertically oriented tensile specimen 
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6   RESULTS AND DISCUSSION 
 

A comparison of the results from simulated tensile 
fracture to the analytically predicted response given by MCQ 
is shown below, in Figure 9: 

 

 
 
Figure 9:  A comparison of analytically predicted stress-strain 

response (given by MCQ-Chopped) to simulated tensile 
fracture (given by GENOA in conjunction with ABAQUS) 

 
These results are highly preliminary, and, as with all 

FEA-based predictions, need to be evaluated for solution 
convergence with mesh refinement.  Additionally, as the 
fundamental basis for stress derivation sources from thermal 
expansion, a degree of length dependency is expected, so 
consistently sized specimen must be compared to expect a 
comparable result.  Before the result from thermal imaging 
camera may be deemed reliable, the emissivity settings need 
calibration,  and the degreee of error from the parallax effect 
must either be established, or eliminated by seeking a more 
favorable camera angle.  Despite all these caveats, the tensile 
response is seen to match quite well, the only disagreement is 
seen at UTS.  The simulation under-predicts the analytically 
predicted fracture strength by 15-20%. 

Additionally, all simulated fractures appear to under-
predict independently collected experimental data, as 
longitudinally evaluated specimen were seen to fail between 
55-60 MPa, transverse specimen were seen to fail at 53-59 
MPa, and vertical specimen were seen to fail at 43-48 MPa.  

The stress pattern given by the residual stress analysis 
seems to indicate a higher stress pattern when building taller 
objects with numerous layers, but despite feeding the residual 
stresses forward to the service loading simulation, the 
response to transverse raster loading (Figure 6, b) seems to 
under-perform the response in out of plane loading (Figure 7). 

 
7   CONCLUDING REMARKS 

 
Though stress-strain response of an AM part is generally 

a fairly simplistic goal to achieve experimentally, numeric 

simulation of an AM process is much more involved.  
However, absent a complete definition (including strain-rate 
dependency), the need for the inclusion of a further necessary 
mechanism is not yet known. 
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