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Abstract  1 

 Fused filament fabrication (FFF), a form of filament-based material extrusion additive 2 

manufacturing (AM), is an extremely useful technique for the rapid production of highly customized 3 

products; however, empirical evidence is heavily relied upon for understanding of the process. Initial 4 

modeling attempts have traditionally focused on predicting heat transfer and either interlayer diffusion and 5 

adhesion or stress development but have not taken a combined approach to analyze all three components 6 

simultaneously in a multiphysics model. In this study, we implement finite difference models to examine 7 

the combined heat transfer, polymer diffusion represented as degree of healing (Dh), and residual stress 8 

development in FFF of poly(ether imide) (PEI). Printing with PEI is of great interest because of its desirable 9 

mechanical properties and high use temperatures, but it also creates a more challenging modeling problem 10 

with higher thermal gradients and greater potential thermal processing window compared to traditionally 11 

modeled AM materials, such as acrylonitrile-butadiene-styrene (ABS) and polylactic acid (PLA). The 12 

larger processing window can potentially allow for more processing options but can also significantly 13 

complicate the optimization process. 14 

In this study, experimental analyses including trouser tear tests and part warpage measurements 15 

provide correlation to predicted Dh and stress levels. The models suggest that the temperature of a layer is 16 

influenced by the subsequent printing of up to at least three layers in the geometry studied. The results of 17 

this study further demonstrate the sensitivity of the molecular mobility and degree of healing to the reptation 18 

time (τrep), such that a small change in the τrep on the order of 2-3x can result in an order of magnitude 19 

difference in the time before interfacial healing can begin, culminating in significantly less healing 20 

occurring. Furthermore, the reptation time and subsequent healing predictions are highly reliant on the 21 

extrapolation method used to extend the reptation time to temperatures below those at which it was 22 

measured resulting in significantly different predictive results, even if the same experimental data is used. 23 

 24 
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1. Introduction 1 

Fused filament fabrication (FFF), a type of filament-based material extrusion additive manufacturing, 2 

is a well-established method for producing highly customized parts at small production volumes. 3 

Improvements have been realized in recent years aimed at expanding this production modality beyond 4 

prototype production. One goal of additive manufacturing is to expand into the end-use market, including 5 

for the production of complex parts that cannot feasibly be made with other fabrication methods. However, 6 

several aspects of the process currently prevent the widespread adoption of this production method for the 7 

end-use market, notably a significant reduction in part properties when compared to traditionally processed 8 

materials. In particular, anisotropy and poor z-axis properties primarily stem from poor interlayer 9 

adhesion1–3. Currently, the FFF  palette is limited to low performance polymers such as polylactic acid 10 

(PLA) and acrylonitrile-butadiene-styrene (ABS), and a few high performance materials. PLA and ABS 11 

have weak mechanical properties and low use temperatures, especially compared to engineering 12 

thermoplastics such as poly(ether imides) (PEI) and polyether ether ketones (PEEK). Even though FFF 13 

printing of PEI filament is currently available, studying PEI provides insight into the interaction between 14 

the FFF process and polymeric materials with processing temperatures much higher than traditionally 15 

studied materials, such as PLA and ABS, to draw conclusions about the broader applicability of modeling 16 

approaches to guide machine design and process optimization4. In order to better understand the AM 17 

process, as well as expand the material catalog and increase the viability of FFF in the end-use market, the 18 

effect of the various printing parameters and materials on the bond strength and dimensional stability must 19 

be more thoroughly understood. 20 

Multilayer modeling can be particularly useful to understand thermal behavior of the FFF process and 21 

the translation to the transient, non-isothermal polymer diffusion process at deposited layer interfaces5. The 22 

lack of sufficient interlayer adhesion at these interfaces is an issue inherent to the FFF process that 23 

exacerbates the weak z-direction mechanical properties of many current AM materials. During the FFF 24 

process, a layer is deposited as a molten material. The heat from this freshly deposited layer transfers to the 25 
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adjacent layers creating a repeated transient thermal profile and enhancing polymer chain mobility that 1 

leads to interlayer wetting and diffusion6,7. This process is referred to in this manuscript as healing, and the 2 

amount of healing that occurs will be referred to as the degree of healing (Dh). The heat from the freshly 3 

deposited layers is vital to the healing process as it allows a previously deposited and partially or completely 4 

cooled layer to regain some mobility to facilitate diffusion. At 100% Dh, the properties of the interface 5 

return to that of the bulk, fully entangled material. However, this process primarily occurs at temperatures 6 

substantially above the glass transition temperature (Tg) of the material, when the polymer chains possess 7 

enough energy for motion on the order of their radius of gyration, often referred to as reptation. In FFF 8 

processing, the layers have been shown to remain above Tg for a total of approximately 3 seconds when 9 

using ABS8 at certain processing conditions. In addition, the healing is strongly dependent on the intimate 10 

contact between adjacent layers. Wetting in FFF will be driven by the interfacial temperature, pressure, and 11 

time9,10. It has been further documented in prior literature that the interlayer diffusion step is dominant with 12 

PEI and hence the focus of our study11. 13 

The resulting dimensional accuracy of FFF-produced parts is also partially governed by the thermal 14 

expansion and contraction of the polymers during the deposition and cooling process. Printed parts will 15 

cool unevenly due to differences in part geometry, processing parameters, and environmental conditions, 16 

including layer distance from the heated bed, bed temperature, nozzle temperature, print speed, and 17 

temperature uniformity in the build chamber. However, the contraction will be constrained by the adhesion 18 

of the polymer to the heated bed as well as the other deposited layers. This constraint results in the 19 

development of stress within the layers. This residual stress within the part will act as a driving force to 20 

cause deformation of the layers, often resulting in warping of the printed part away from the heated print 21 

bed, delamination, and, in extreme cases, failure to completely print the desired object12.  22 

First principles multiphysics-based predictive models offer a powerful tool to capture heat transfer, 23 

polymer chain diffusion, and residual stress buildup5,13. However, the models required to provide detailed 24 

information regarding the AM process can be computationally intensive and require excessive amounts of 25 
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time to complete11,14. To reduce the complexity of the models, most current work has focused on the 1 

modelling of one-7,15–17 and two-dimensional18 systems. These models have employed simplifying 2 

assumptions such as a uniform cross-sectional temperature or a negligible transfer of heat along the axis of 3 

the deposited filament. Some of these models are able to provide some insight into the FFF process, but 4 

they are not thorough, focusing on one or two aspects at a time, such as heat transfer and/or interlayer 5 

wetting14–17,19. Furthermore, most current work focuses on common polymer materials such as ABS as their 6 

model material due to its well-defined properties. Few reports have studied higher use temperature 7 

engineering thermoplastic materials such as PEI.  8 

Outside of limited recent manuscripts, relatively little research can be found that predicts the degree 9 

of healing that occurs during FFF printing based on modeling of the non-isothermal behavior. Coogan and 10 

Kazmer developed an empirical model to predict the interlayer bond strength based on a sample’s location 11 

in a single road-width wall, its geometry, as well as the bed and nozzle temperature and print speed20. They 12 

later expanded this study by modeling the non-isothermal healing during the deposition process with the 13 

assumption of one-dimensional heat transfer16. Similarly, many of the current healing models utilize one-14 

dimensional heat transfer to simplify the required calculations, but doing so causes loss of information 15 

regarding the thermal gradient across the cross section of the deposited road, which could influence healing 16 

of the interlayer bond. Further studies have demonstrated the effect of nozzle temperature and layer 17 

geometry on the recovery of the interfacial bond in FFF20. On the other hand, interfacial healing in polymers 18 

has been studied quite thoroughly in prior studies for application to processes such as injection molding 19 

and thermoplastic tape placement21,22.  20 

Here we implement a two-dimensional heat transfer model which is combined with interlayer diffusion 21 

and stress development models to explore the FFF printing process of PEI Ultem 1010™. Through this 22 

analysis, we simultaneously capture the heat transfer, degree of healing, and stress buildup as a function of 23 

time and location. We then explore the validity of these models by comparing them to empirical 24 

measurements of bond tear resistance and warping, which are functions of the degree of healing and residual 25 
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stress development, respectively. We conclude with an analysis of the comparison between predictions and 1 

empirical results and suggest further modifications to increase the accuracy and precision of the predictive 2 

models. These comparisons further provide insight into the influence of various process parameters, 3 

relaxation behavior, and printed part properties. 4 

 5 

2. Modeling 6 

The following sections discuss our modeling approach for heat transfer, interfacial polymer diffusion, 7 

and stress buildup in a multilayer FFF system.  8 

2.1. Heat Transfer 9 

In the FFF process, heat from the bed, environment, and nozzle will significantly influence the 10 

transport of thermal energy through a layer. The thermal transport will be further influenced by the 11 

convective heat transfer coefficient since much of the layer will be exposed to convective cooling 12 

conditions. These parameters along with the layer time, or time required to deposit each layer, were user-13 

defined constants for the model development. These parameters were further assumed to be constant 14 

throughout the print. In this work, we assumed radiative heat transfer from the nozzle to be negligible, an 15 

assumption that has been shown to be appropriate in similar systems14,23. 16 

To simplify the model development, a finite difference approach was adopted. While a finite element 17 

model may more accurately predict the system, it has been shown that a fully specified and geometrically 18 

accurate model greatly increases the required computation power and time beyond the capability of widely 19 

available computing resources11. Although the individual layers are typically flattened ellipses, the model 20 

assumes rectangular cross-sections with a bond width that does not evolve with time. However, the 21 

rectangular cross-section provides an estimate for the total distance and area across which diffusion may 22 

take place at the layer interface, and we will compare the results of these models to experimental 23 

measurements to assess potential discrepancies caused by this assumption. The width of the rectangular 24 
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cross-sections is based on the width of the interface of FFF printed specimens that were measured in SEM. 1 

Exemplary SEM images of the exposed interlayer bond following a trouser peel test are displayed in the 2 

supplementary information, Figure S1.  Some of the cooling effects caused by the geometry may not be 3 

captured, but the model enables analysis of many build layers to facilitate the rapid collection of information 4 

regarding diffusion and stress development as a function of process parameters. 5 

Each layer was assumed to be instantaneously deposited14 at the nozzle temperature with perfect 6 

contact with the previously deposited layer below it. The time between depositions, defined as the layer 7 

time, is dependent on the geometry of the print and the velocity of deposition. A finite difference mesh was 8 

imposed on each layer through the placement of rectangular elements of dimensions dx and dz, resulting in 9 

a layer comprised of nx and nz elements in the x and z directions, respectively. An example of this mesh is 10 

depicted in Figure 1, although the number of nodes in the mesh (7x7) was reduced in the figure to more 11 

easily display the general appearance of the mesh.  12 

 13 

Figure 1. Example of finite difference mesh used to predict heat transfer in FFF, not representative of mesh size used in analysis 14 

but simplified to highlight node matrix geometry. a) full layer geometry, showing all axes. b) cross-section of the layers, 15 

indicating the x- and z-axes. c) 7x7 mesh utilized in the analysis discussed in later sections. 16 
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 We focus on the conductive and convective heat transfer in the x- and z-directions because the heat 1 

transfer should behave consistently at all points in the y-direction. Using the central difference finite 2 

difference method reduces the heat transfer equation to that shown in Equation (1) where T is temperature; 3 

Tr, Tl, Tt, and Tb are the temperatures of the nodes to the right, left, top, and bottom of the node being 4 

modeled, k is the thermal conductivity, Cp is the specific heat, ρ is the density, h is the convective heat 5 

transfer coefficient, A is the surface area exposed to convection, and Tenv is the temperature of the 6 

environment which is assumed to be constant. This equation can be modified depending on the location of 7 

the node being calculated. For example, an internal node would not include the convective term, while a 8 

corner node would not have conductive terms on two sides.  9 
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  10 

The temperature at each node can then be calculated by combining the influences from the x- and z-11 

directions as shown in Equation (2). 12 
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 13 

2.2. Degree of Healing 14 

The bond strength and fracture energy in the final part will depend primarily on the degree of healing, 15 

or the amount of chain interdiffusion and re-entanglement that occurs between layers and returns the 16 

interfacial properties to those of the bulk material16,21,24. This study assumes an equal contribution to the 17 

interfacial healing from both adjacent layers and that the temperature of the bond is the average of the 18 

temperatures of the layers on either side of the interface, illustrated in Equation (3). 19 

 20 
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 𝐷𝐷ℎ(𝑑𝑑ℎ) = 0.5𝐷𝐷ℎ1 �𝑑𝑑ℎ ,
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 1 

In Equation (3), Dh1 and Dh2 are the contributions to the degree of healing from adjacent layers, th is the 2 

time during which healing can occur, and T1 and T2 are the temperatures of the bottom and top layers of the 3 

interface being modeled, respectively. At the maximum Dh of 100%, the polymer chains are assumed to 4 

have completely diffused across the interface and re-entangled to provide properties of the bulk polymer. 5 

When this occurs, all history of the interface disappears, and the sample is assumed to regain the mechanical 6 

properties of the bulk material. The Dh can also be considered as a diffusion distance that has been non-7 

dimensionalized with respect to the polymer’s radius of gyration. Therefore, when Dh exceeds 100%, the 8 

diffusion distance is greater than its radius of gyration. This can be important to consider as some evidence 9 

has been shown that even at Dh values greater than 100%, the weld might not regain its bulk properties due 10 

to residual anisotropy, requiring diffusion on the order of the polymer’s end-to-end vector25. Degree of 11 

healing is often defined to be proportional to the time raised to the one-fourth power due to the reptation 12 

process22. However, here we wish to compare directly to experimental measurements of tear resistance. 13 

Thus, it is more natural to define the degree of healing as a function of time raised to the one-half power, 14 

as shown in Equation (4). Because the reptation time is a function of temperature, an integration over the 15 

time of the print is required to account for the non-isothermal temperature profile. 16 

 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐻𝐻𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐷𝐷 = ��

1
𝜏𝜏𝑟𝑟(𝑑𝑑) 𝑑𝑑𝑑𝑑

𝑡𝑡

0
�

1
2
 (4) 

 17 

In Equation (4), τr is the reptation time, T is temperature of the material (expressed in this study as the 18 

temperature of a specified node), and t is time following deposition. By combining Equation (3) and (4), 19 

averaging the degree of healing for the entire interface, and converting the integration to a summation, we 20 

arrive at Equation (5) to describe the total healing of the bond between layers. In this work, we analyze 21 
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reptation times using multiple approaches, including the previously published reptation time for PEI 1 

provided by Bastien and Gillespie26. We also estimated the reptation time for Ultem 1010 using the 2 

approach similar to the analysis performed by Bartolai, et al.19, and approximated the temperature 3 

dependence of reptation time with a pseudo-Arrhenius analysis from Bastien and Gillespie26, highlighted 4 

in Equation (6). We further approximated the reptation time using a Williams-Landel-Ferry (WLF)27 5 

analysis of small amplitude oscillatory shear (SAOS) rheology data. Finally, a relaxation time was 6 

estimated for Ultem 1010 based on the approach discussed by van Meerveld28 using the zero-shear viscosity 7 

measured as part of a previous study11, Equation (7), and the reptation time was approximated utilizing the 8 

approach developed by Likhtman and McLeish29 and demonstrated by McIlroy and Olmstead17. The 9 

temperature dependence was approximated with an Arrhenius analysis represented by Equation (6)26. 10 
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In these equations, B is a pre-exponential factor, A is related to the activation energy to flow, τe is the 13 

relaxation time of an entangled strand, ρ is the density, R is the ideal gas constant, Me is the critical 14 

entanglement molecular weight, and M is the molecular weight. The physical interfacial healing is limited 15 

to 100% of the bulk tear resistance; however, the approach utilized in this analysis is not limited to 100%. 16 

Therefore, a useful perspective for understanding the results produced in this study is to visualize the results 17 

as the fraction of the time required for the polymer chains to diffuse across the interface and recover the 18 
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bond. Therefore, any value of Dh greater than 100% indicates a scenario in which the models predict that 1 

the material experiences adequate time at elevated temperatures for the bond to recover to a bulk state. 2 

2.3. Shear Stress Development 3 

Most polymers undergo thermal contraction upon cooling which may be quantified by the coefficient 4 

of thermal expansion. Further, the layers are adhered to each other and the heated bed, limiting the 5 

contraction and thus developing stress. Stress in a printed part will subsequently act as a driving force for 6 

deformation, potentially leading to loss of geometric accuracy and even delamination from the heated bed 7 

and/or between individual layers. Because the PEI in this study is amorphous, additional contributions to 8 

thermal contraction from crystallization are not relevant. 9 

A plane strain assumption was implemented in this study, limiting the contraction to only the y-10 

direction30. It is also assumed that no stress develops above Tg because the polymer chains are able to move 11 

and relax relatively quickly in their rubbery state above Tg. This assumption significantly oversimplifies 12 

the polymer chain network by neglecting the viscoelastic relaxations that would occur throughout the entire 13 

cooling process. Equation (8) forms the basis of the stress development analysis, where σ represents stress, 14 

E represents the elastic modulus, α represents the coefficient of thermal expansion, and ΔT represents the 15 

temperature difference below Tg at any given time.  16 

 𝜎𝜎 = 𝐸𝐸𝐸𝐸Δ𝑑𝑑 (8) 

 These assumptions are expected to overestimate the total stress developed during printing because 17 

they do not include the viscoelastic and transient relaxations that would significantly reduce the amount of 18 

stress developed during the cooling process. However, this approximation provides insight into the primary 19 

driving force behind the warping phenomenon in FFF of amorphous polymers following the deposition of 20 

a series of layers in a reasonable time frame, particularly when coupled with temperature and diffusion 21 

models. 22 



12 
 

3. Experimental 1 

3.1. Sample Preparation 2 

For FFF printed specimens, Ultem 1010 filament, an amorphous polymer with a Tg of 217 °C, was 3 

purchased from Stratasys (Eden Prairie, MN) and Push Plastic (Springdale, AR).  It had a nominal diameter 4 

of 1.75 mm. Single road-width hollow boxes of dimensions 76 x 76 x 25 mm were printed using a modified 5 

Lulzbot Taz 4 printer and recommended procedures31. An image of this box is provided in Supplementary 6 

Information, Figure S2. Printing temperatures examined in this study included 345 °C and 375 °C. The bed 7 

temperatures included 175 °C and 200 °C. Print speeds of 15 mm/s and 60 mm/s were also examined. 8 

Melt-pressed films were produced for characterizing bulk material behavior by pelletizing filament 9 

using a Killion pelletizer with a Bronco II speed controller. PEI pellets were pressed at 343 °C into 75 x 75 10 

mm films of thicknesses ranging from 166 to 434 μm.  11 

3.2. Degree of Healing Measurement 12 

The degree of healing was measured according to ASTM standard D1938-14 (Standard Test Method 13 

for Tear-Propagation Resistance (Trouser Tear) of Plastic Film and Thin Sheeting by a Single-Tear Method) 14 

at room temperature and a rate of 250 mm/min32. An image of the test is supplied in the Supplementary 15 

Information, Figure S3. The force required to pull apart the layers was determined by averaging the 16 

measurements collected between the initial peak of the force displacement curve and the peak prior to 17 

complete failure. Degree of healing was calculated from the ratio of the tear force of the printed samples to 18 

the tear force of the bulk samples with the same thickness as the weld width. An average degree of healing 19 

for each set of conditions was measured using at least 5 samples per set of conditions. The weld widths 20 

were measured after testing using a Phenom Pro scanning electron microscope (SEM). 13 mm long samples 21 

were cut from the end of the tear region of the tested specimens and coated with a 5nm layer of Au/Pd with 22 

the use of a Cressington sputter coater. Bulk properties were also measured using ASTM D1938-14 from 23 

the melt-pressed films. 24 
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3.3. Reptation Times 1 

A number of approaches were used to describe and approximate the reptation time in this study to 2 

better understand the influence of relaxation behavior. The parameters that describe the reptation times are 3 

displayed in Table 1. The data from Bastien and Gillespie were used as represented in their publication26. 4 

Viscoelastic SAOS data for Ultem 1010 was used to determine the crossover point of G’ and G”, as 5 

demonstrated by Bartolai, et al19. Extrapolation to lower temperatures was performed using two different 6 

approaches: the pseudo-Arrhenius method demonstrated by Bastien and Gillespie26, Equation (6), and 7 

WLF27. The fourth approach implemented relaxation time of an entangled strand, τe, estimated using the 8 

approach discussed in van Meerveld28, Equation (7), which uses zero-shear viscosity measurements to 9 

calculate τe; the reptation time was then estimated using the molecular weight and critical entanglement 10 

molecular weight of Ultem 1010, similar to the approach developed by Likhtman and McLeish29 and 11 

utilized by McIlroy and Olmstead17 using RepTate software33. Temperature dependence was similarly 12 

approximated using Equation (6).  13 

Table 1. List of parameters used to estimate the reptation time based on different approaches. 14 

   Pseudo Arrhenius 
Approximation 

WLF Approximation 

Reptation 
Time 

Measurement 
Technique Material A (K-1) B Pre-

Factor (s) C1 C2 (°C) Tref (°C) 

1 
Bastien and 

Gillespie Data26 
 

PEI 59728 1.38 E-46     

2 
SAOS - Crossover 

of G’ and G”  
 

Ultem 
1010 14869 3.26 E-13     

3 
SAOS - Crossover 

of G’ and G” 
 

Ultem 
1010   0.0396 9.07 388.7 310 

4 
Zero-Shear  
Viscosity – 

Pseudo Arrhenius 

Ultem 
1010 14419 5.24 E-13     

 15 
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3.4. Determination of Printing Conditions 1 

The bed and environment temperatures were measured using a forward-looking infrared (FLIR 2 

TS650sc) camera. To measure the bed temperature, black electrical tape was attached to the heated bed 3 

and allowed to equilibrate for 10 minutes at 175 °C and 200 °C and subsequently imaged. The electrical 4 

tape was assumed to have an emissivity of 0.9534. To measure the air temperature, a roll of electrical tape 5 

was placed in the chamber on top of a 20 mm thick platform made of fiberglass insulation and allowed to 6 

equilibrate for 20 minutes while surrounded by an 80 mm diameter PEI cylinder to reduce convective 7 

cooling.  8 

The convective heat transfer coefficient was measured by using a 0.7 mm wide PEI part that was 9 

heated externally to 200 °C and equilibrated for 10 minutes. The part was then placed in the printing 10 

chamber on a 20 mm thick platform made of fiberglass insulation to prevent interference caused by 11 

conductive heat transfer and allowed to cool. The temperature profile of the cooling part was captured using 12 

a FLIR camera, and a heat transfer equation was fitted to the experimental data by varying the heat transfer 13 

coefficient.  14 

Comparing setpoint bed temperatures to FLIR measured temperatures, measurements of 164.0 °C and 15 

188.4 °C were obtained for the set points of 175 ° and 200 °C, respectively. The air temperature above the 16 

heated bed was measured to be 97.1 °C and 100.4 °C for bed temperatures of 175 °C and 200 °C, 17 

respectively. The emissivity of the PEI was measured to be 0.87. The convective heat transfer coefficient 18 

for the system was calculated to be 29 W/m2K.   19 

4. Results and Discussion 20 

For the model analyses in subsequent sections, printing parameters include an environmental 21 

temperature of 100.4 °C, a bed temperature of 188.4 °C, a deposition temperature of 375 °C, a convective 22 

heat transfer coefficient of 29 W/m2K, and a print speed of 15 mm/s that resulted in a layer time of 20.3 23 

seconds, which is representative of the time before the subsequent road is deposited. The reptation time 24 
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provided by Bastien and Gillespie26 (Reptation time 1 in Table 1) and the reptation time determined using 1 

the approach of van Meerveld28 (Reptation time 4 in Table 1) were used to produce the degree of healing 2 

results in in this section. 3 

4.1. Heat Transfer Model Results 4 

The temperature profile was monitored at multiple mesh nodes within a layer as depicted in the 5 

simplified representation in Figure 2 to analyze the non-uniform thermal profile across the cross section of 6 

a layer. Layers were also assumed to be symmetrical about their center axis such that locations 1, 2 and 3 7 

in Figure 2 are representative of either side of the layer. Figure 3 displays the thermal profiles of layers 1 8 

and 22 of a representative single road width wall for one set of printing parameters.  9 

 10 

Figure 2. Depiction of the locations used to determine the localized behavior during layer deposition. The image shows a cross-11 

section of a deposited layer with the deposition direction going into the page. The dotted lines indicate the node mesh utilized in 12 

the thermal modeling of the individual layers. 13 

Figure 3a and b display the representative temperature profiles at locations 1 – 6 for two different 14 

layers, illustrating our ability to simulate the transient information at various locations inside a layer. These 15 

results indicate that the initial temperature of each layer matches the deposition temperature but rapidly 16 

quenches to a near equilibrium plateau value that is dependent on the location in the print, e.g. locations 3 17 

and 6 display a lower equilibrium temperature in layer 1 because they are further from the heated bed. 18 

Furthermore, the equilibrium temperature is affected not only by location within the layer but also within 19 

the printed part itself. The results in Figure 3 suggest that the equilibrium temperature of layer 1, 20 
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approximately 185 °C, is strongly influenced by the heated bed while the equilibrium temperature of layer 1 

22, approximately 120 °C, is determined primarily from the environmental temperature.   2 

 3 

Figure 3. Predicted temperature of layer 1 (a) and layer 22 (b) at different locations (described in Figure 2) in the layer as a 4 

function of time after deposition. A limited, coarse time step is represented in the plot for ease of visualization; however, a time 5 

step of approximately 0.007 s was utilized in the analysis. Dashed lines are used to identify the Tg of the PEI and the temperature 6 

of the bed. 7 

The results in Figure 3 depict the rapid cooling of the deposited filament, showing that the material 8 

at the interface remains above Tg for approximately one second following deposition. This time is extended 9 

for the short layer time, particularly in higher layers, potentially reaching nearly 10 s above Tg. For this 10 

layer geometry, the heat from subsequently deposited layers increases the temperature of the modeled layer, 11 

potentially providing enough energy to exceed the Tg for approximately two more seconds in layer 1 and 12 

less than a second in layer 22, similar to results reported by Seppala, et al8.  13 

4.2.  Tear Resistance: Measurement and Predictive Analysis 14 

The thermal profile results suggest that the interlayer healing must occur quickly to form a strong 15 

bond between layers. Figure 4a, displays the final degree of healing for each layer of a 40-layer single road 16 

width wall (SRWW). It is apparent from these results that the degree of healing significantly decreases as 17 

a function of the distance from the heated bed until a plateau is reached at approximately layer 15, beyond 18 

which (at these printing conditions and geometry) the thermal energy from the heated bed no longer 19 

influences the thermal profiles and degree of healing. The absolute value of the Dh is highly dependent on 20 
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the reptation time, as can be seen in the differences between the results produced using reptation times 1 1 

and 4 in Figure 4a. As mentioned previously in Section 2.2, the analysis in this study predicts degrees of 2 

healing greater than 100% because no limits were placed on the degree of healing calculation; however, 3 

this indicates that the bond experienced more time than necessary to return to its bulk state. Figure 4b 4 

simulation results suggest an extremely rapid rise in the Dh, followed by an immediate plateau that 5 

corresponds to the temperature of the interface dropping below the Tg. The reliance of the diffusion and 6 

healing on the temperature of the layers is further exemplified by a small increase of approximately 5% in 7 

Dh observed at 20 s, corresponding to the deposition of a new layer transferring thermal energy to previously 8 

deposited layers and briefly extending their time above Tg. This relationship between temperature and 9 

healing allows the bond between layers 1 and 2 to heal to a significant degree because the temperature of 10 

layer 1 will rise to approximately 253 °C at the time that layer 2 will be near 375 °C, resulting in an average 11 

bond temperature near 314 °C. Furthermore, the temperature of layer 1 will not decrease below Tg again 12 

for nearly 2 seconds, providing the polymer chains significant time and energy to diffuse across the interface 13 

and approach the bulk strength. The temperature of layer 22, on the other hand, only increases to 14 

approximately 213 °C upon deposition of the subsequent layer, resulting in an average bond temperature 15 

near 294 °C, so the temperature of layer 22 will remain above Tg for less than a second. Therefore, the 16 

overall molecular mobility experienced at this interface is substantially less than that of layer 1, resulting 17 

in a lower degree of healing in layer 22 compared to layer 1. The lower layer thus experiences more than 18 

ample time for healing to occur.  19 



18 
 

 1 

Figure 4. a) The predicted degree of healing as a function of the layer number using reptation times 1 and 4 (Table 1) and b) 2 

predicted degree of healing as a function of time after deposition for layer 1 and layer 22. Note that the simulated Dh is 3 

representative of a percent of time for healing; Dh greater than 1 indicates that the layer has more than sufficient time for 4 

complete re-entanglement. 5 

Tear resistance provides empirical insight into the degree of healing that has occurred in a printed 6 

sample when compared to the bulk polymer properties. We measured the tear resistance of parts produced 7 

with varying nozzle temperature, bed temperature, and print speed; a representative plot of the force 8 

measurement during the Type III test is shown in Figure S4 in the supplementary information. In this study, 9 

the tear resistance was determined by averaging the force between the initial peak of the force-displacement 10 

curve and the peak prior to failure. Table 2 lists the sets of parameters used to print the SRWW samples.  11 

 Compression-molded film sheet samples were also measured using a Type III tear test to represent 12 

the bulk tear resistance of Ultem 1010. The tested films spanned a range of thicknesses from 166 to 434 13 

μm, representative of the ranges of interlayer bond widths in the printed parts, providing information 14 

regarding the tear strength of the bulk PEI as a function of thickness and is presented in Figure S5 in the 15 

supplementary information. Tear resistance was then normalized for printed parts based on actual layer 16 

widths measured with SEM. Degree of healing is subsequently calculated using a ratio of printed to bulk 17 

tear strength, and compared to the various model results produced using different reptation times as 18 

presented in Table 2.  19 
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Table 2. Comparison of final degrees of healing using different methods of approximating reptation time as a function of specified 1 
process parameters. Reptation time approximation techniques are specified in Table 1. 2 

Tdep (°C) Tbed (°C) tlayer (s) Empirically 
Measured 

Reptation 
Time 1 

Reptation 
Time 2 

Reptation 
Time 3 

Reptation 
Time 4 

345 164 20.3 0.31 + 0.06 0.01 0.64 0.24 0.82 
345 164 5.1 0.20 + 0.14 0.10 2.65 1.67 3.23 
345 188 20.3 0.30 + 0.12 <0.01 0.69 0.26 0.87 
345 188 5.1 0.17 + 0.16 0.11 2.74 1.74 3.34 
375 164 20.3 0.43 + 0.26 <0.01 0.96 0.46 1.19 
375 164 5.1 0.36 + 0.24 0.68 4.15 3.12 4.98 
375 188 20.3 0.37 + 0.18 <0.01 1.02 0.50 1.26 
375 188 5.1 0.29 + 0.16 0.78 4.33 3.28 5.19 

 3 

 Table 2 presents the degree of healing across all tested and modeled parameter combinations, 4 

demonstrating the importance of the reptation time measurement and approximation when determining the 5 

recovery of the interlayer bond. While trends can be ascertained from the model results, the absolute value 6 

of Dh can vary significantly by modifying the approximation technique used to determine and extrapolate 7 

reptation time. This discrepancy is most likely caused by differences in extrapolation techniques, i.e., WLF 8 

compared to Arrhenius approximations, that lead to different sensitivities to the temperature of the 9 

deposited roads. At a deposition temperature of 375 °C, bed temperature of 188 °C, and layer time of 20.3 10 

s, the Dh changes from 102% to 50% to 126% using reptation times 2, 3, and 4, respectively. Comparing 11 

these reptation times at 375 °C, reptation time 2 is approximated to be 0.003 s, reptation time 3 is 12 

approximated to be 0.002 s, and reptation time 4 is also approximated to be 0.002 s. This discrepancy 13 

imposed by the approximation technique can become more significant as the temperature changes, with 14 

reptation times 2, 3, and 4 estimated to be 4.92 s, 28.2 s, and 3.16 s, respectively, at 217 °C, demonstrating 15 

the extent to which the approximation technique can influence the reptation time of the same material, even 16 

when the same viscoelastic data is utilized. The divergence of the reptation times as temperature decreases 17 

is portrayed in Figure 5. 18 



20 
 

 1 

Figure 5. Image depicting the divergence of the reptation times (Table 1) as the temperature decreases. 2 

Although the absolute values of the degree of healing are highly sensitive to the approximation and 3 

extrapolation of reptation time, the general relationships between the processing parameters and Dh are 4 

insensitive to the reptation time. Therefore, for the purposes of comparison to empirical data, only the trends 5 

observed in the predictions produced using the reptation time approximated with the approach of van 6 

Meerveld (reptation time 4 in Table 1) will be discussed. The van Meerveld data is the only set being 7 

discussed here because it is representative of the trend seen in the others, despite the large discrepancy in 8 

values depending on the approach.  The reptation time is one of the extreme options, so it shows the changes 9 

in the Dh terms in regards to the processing parameters quite well. The results in Table 2 indicate that 10 

increasing the deposition temperature from 345 °C to 375 °C (while maintaining bed temperature and layer 11 

time at 164 °C and 20.3 s) will also increase Dh due to more molecular mobility at the initial deposition, 12 

increasing Dh from 31% to 43% experimentally and from 82% to 119% in the predictions. A higher 13 

deposition temperature will also increase the amount of thermal energy transferred to the previously 14 

deposited layer. The predictions exacerbate this to a slight degree, increasing Dh by 37% rather than the 15 
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12% observed experimentally, most likely because the models assume the material is deposited at the same 1 

temperature as the nozzle; although, a number of studies have shown this is not always an accurate 2 

assumption35–37. Increasing the bed temperature from 164 °C to 188 °C and maintaining the deposition 3 

temperature and layer time at 345 °C and 20.3 s has little effect on the degree of healing, either 4 

experimentally or in the predictions, changing Dh from 31% to 30% and 82% to 87%, respectively. This 5 

relatively small influence is a result of the distance of the tested/modeled layer from the heated bed which 6 

greatly reduces the impact of this processing parameter. 7 

A discrepancy in the influence of the print speed is observed when comparing the predicted and 8 

empirical values. Increasing the print speed (decreasing the layer time) changes the Dh from 31% to 20% 9 

empirically and from 82% to 323% in the predictive results when the deposition and bed temperatures are 10 

maintained at 345 °C and 164 °C, respectively. The models indicate that decreasing the layer time would 11 

increase the Dh because a new layer would be deposited before the previous layer fully equilibrated, 12 

extending its time above Tg and increasing the overall molecular mobility. However, the models in this 13 

study did not account for the thermal energy conductively supplied to the deposited layer by the heated 14 

nozzle. Conduction from the heated nozzle would provide a significant thermal energy source at sufficiently 15 

slow speeds, particularly when the geometry is large/complex enough that the previous layers are able to 16 

reach an equilibrium temperature prior to the deposition of a new layer. This interaction would increase the 17 

temperature of both the deposited layer and the previous layer and increase Dh as observed experimentally. 18 

A further source of the discrepancy could be found in the assumption that the temperature of the entire 19 

deposited filament is the same as the temperature of the nozzle. A faster print speed would reduce the 20 

residence time of the material inside the nozzle, potentially resulting in a non-isothermal extrudate, 21 

corroborating the significant discrepancy in the comparison of experimental and predicted Dh values, 22 

particularly in those produced using Reptation Time 3. A more thorough examination of the predicted 23 

influence of various printing parameters on the degree of healing can be found in Figures S6 and S7 in the 24 

supplementary information.  25 
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 To investigate the molecular level effects that can contribute to the potential discrepancies in 1 

predicted vs. experimental Dh, we considered the impact of molecular deformation, flow-induced 2 

disentanglement and subsequent relaxation on the time scales associated with interlayer diffusion, Figure 3 

6. The analysis, based on work performed by McIlroy and Olmstead25 and employing the molecular model 4 

of Ianniruberto38, examines the time required to relax the molecular extensions (Rouse time) caused by 5 

shear flow in the nozzle followed by deposition onto the build plate in the vicinity of the bond.  This model 6 

infers that re-entanglement of a deformed network is delayed until extension of the molecule has 7 

relaxed17,39. We considered small deviations such as 2x and 3x increases to the relaxation time of an 8 

entangled strand because large variations can be observed in the relaxation behavior based on the 9 

approximation technique. This approach allowed us to investigate the differences that appear in the onset 10 

of and the ultimate value of entanglement recovery, Figure 6, utilizing the same parameter set as Figures 3, 11 

4, and 7. These results demonstrate that these relatively small changes to the relaxation time, which our 12 

approximations suggest are realistically potential variations, can delay the onset of entanglement recovery 13 

by nearly an order of magnitude because of the increased Rouse time required to relax molecular stretch. 14 

This retarded molecular mobility can substantially reduce the recovery of the entanglements because the 15 

polymer is typically above Tg for only 2-3 s. We expect a partially entangled network to lead to reduced 16 

bond strength. Figure 6 demonstrates this by showing that the 2x and 3x increase in the relaxation times 17 

can result in an approximately 10% and 20% reduction in the recovered entanglements, although this 18 

reduction can become less apparent as the time above Tg increases, such as the case when the layer time is 19 

5.1 s. These results suggest that if the approximation of the relaxation behavior is incorrect by a small 20 

amount, the ultimate recovery could be vastly over- or under-estimated.  21 
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 1 

Figure 6. Analysis performed using method introduced by McIlroy and Olmstead25 demonstrating delay in entanglement recovery 2 

and sensitivity to minor changes in relaxation spectrum. 3 

4.3. Printbed Delamination Measurements: Comparison to Plane Strain Stress 4 

Predictions 5 

Figure 7a and b depict the stress buildup, σy, in the first layer as a function of time and the final 6 

stress buildup in each layer of a 40-layer print, respectively. The oscillation of the stress buildup with time 7 

is exacerbated in these results (Figure 7a) because we assume that the stress state development is solely 8 

facilitated by polymer thermal contraction and expansion. As the deposited layer cools below Tg, stress 9 

builds rapidly with decreasing temperature for the constrained road, due to the much higher product of the 10 

coefficient of thermal expansion (CTE) and modulus below Tg. When a subsequent layer is deposited and 11 

the temperature of the original layer sharply increases, the stress correspondingly decreases significantly, 12 

then rises as it cools again, leading to the oscillating behavior observed in Figure 7a. As the number of 13 

layers continues to increase and deposition occurs at locations far away from the layer in question, 14 

temperature attains an equilibrium value and so does the developed stress state.  15 

 Figure 7b depicts the final average stress in each layer of the modeled print. The results indicate 16 

that the bottom layer possesses the lowest amount of thermal stress in the entire part due to the influence of 17 
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the heated bed. As the distance from the heated bed increases, the equilibrium temperature of the layer 1 

decreases, as demonstrated in Figure 3, resulting in a corresponding increase in the equilibrium stress value 2 

of each layer. In the SRWW geometry considered in this study, a plateau in layer stress is observed at 3 

approximately layer 15. The cumulative stress may lead to the part warping and lifting away from the heated 4 

bed to attempt to relieve the stress, or potentially result in interlayer debonding, depending on the location 5 

of the weakest interface and imposed stress state. Note that the final stress state is with respect to a part 6 

allowed to cool for a time equivalent to twice the layer time after printing. As with the asymptotic plateau 7 

observed in degree of healing, Figure 7b highlights a similar response to stress developed in each layer. 8 

 9 

Figure 7. a) Stress developed in layer 1 as a function of time and b) final stress developed in each layer as a function of the layer 10 

number. 11 

 Because warping is primarily caused by stress buildup in the part, we have related the final 12 

predicted stress in the last layer to the warping as measured by the lifting of a corner of a printed part when 13 

it debonds spontaneously from the build plate, Figure 8. Printing will fail at a certain level of warping, at 14 

which point the nozzle can no longer raster in the plane past the deformed part. In our system, this point 15 

was identified empirically to occur when the corners of a printed part lift approximately 2.6 mm off the 16 

heated bed. However, it is important to note that measurable warping is also a function of the debond 17 

potential between the printed material and the build plate, which could vary between prints and is not 18 

captured in this study. 19 
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We can observe from the results in Figure 8 that layer time is a dominating factor in both stress 1 

buildup and warpage. At a 345 °C deposition temperature and 164 °C bed temperature, decreasing layer 2 

time from 20.3 s to 5.1 s correspondingly reduced the predicted stress and measured warping from 13.1 3 

MPa to 6.84 MPa and 2.37 mm to 1.88 mm, respectively. Experimentally, this is most likely caused by an 4 

increase in the duration of time the material remains above Tg and a reduction in the cooling rate, which 5 

allows the material to relax to a more thermodynamically favorable state. The predictive results are lower 6 

due to the interaction between layer time and final temperature; the models allow the full part to cool for a 7 

time equal to twice the layer time after the final layer is deposited, which is not long enough to attain a true 8 

equilibrium temperature when the layer time is 5.1 s. Because of this, the predicted stress is lower at shorter 9 

layer times.  10 

Deposition temperature has a slight effect on the warping and stress, especially at the shorter layer 11 

time, changing from 1.88 mm to 1.22 mm and 6.84 MPa to 6.18 MPa, respectively, when Tdep is increased 12 

from 345 °C to 375 °C and Tbed and tlayer are held constant at 164 °C and 5.1 s. The higher deposition 13 

temperature provides slightly more time and energy to relax to a thermodynamically favorable state 14 

experimentally, similar to the interactions observed with the layer time. A lower bed temperature increased 15 

both stress and warpage because the bed temperature has a small influence on the environmental 16 

temperature, which would influence the equilibrium temperature and stress state of the final layer. A 17 

decrease in the bed temperature caused the predicted stress and measured warping to change from 6.57 MPa 18 

to 6.84 MPa and 1.37 mm to 1.88 mm, respectively, when the deposition temperature and layer time are 19 

maintained at 345 °C and 5.1 s. These results produce a linear relationship between experimentally 20 

measured warpage and predicted stress that can provide a tool to predict potential failures during the 21 

printing process. This relationship may allow us to much more quickly estimate whether a part will fail due 22 

to warpage.  23 

The bending moment developed in each modeled printing condition was calculated and used to 24 

estimate the radius of curvature of the deformation caused by stress buildup using Equations (9) – (11).  25 
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 1 

In these equations, ρ1 is the predicted radius of curvature, M0 is the bending moment based on the stress 2 

predictions depicted in Figure 7b, E is the modulus, I is the second moment of area, A is the cross-sectional 3 

surface area of the modeled road, h is the layer height, ρ2 is the empirically determined radius of curvature, 4 

and y and z are the horizontal and vertical dimensions of the measured curvature, respectively. The actual 5 

deformation at the corners of a hollow box printed with these parameters was identified by measuring the 6 

total height of the corners and subtracting the nominal height of the box. These measurements were utilized 7 

to approximate the actual radius of curvature, and these values are compared in Figure 8. These results 8 

indicate that the predicted radius of curvature is an order of magnitude smaller than the empirically 9 

measured value, suggesting that the models presented in this study substantially overestimate the total stress 10 

development in the FFF process and could indicate that there are significant mechanisms contributing to 11 

the stress development that are not included in the current model. However, this is expected due to the 12 

simplifying assumptions utilized in this study, particularly that no viscoelastic relaxation occurs during the 13 

cooling process, further limiting residual stress development that may occur above Tg. Although the 14 

molecular relaxation would slow substantially below the glass transition temperature, its influence should 15 

still be noticeable on the final stress state. This is corroborated by the evidence presented in Figure 8. 16 

However, this method is able to mimic the empirically observed trends between the printing parameters 17 

studied and the resultant deformation, which is a highly useful piece of information when determining 18 

optimal printing parameters. 19 
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 1 

Figure 8.a)  Average warpage at the corners of a printed hollow box as a function of the predicted stress in layer 40. A linear fit 2 

of the data is included. Horizontal dashed line is the empirically determined warpage at which the print debonds from the heated 3 

bed resulting in print failure. b) Radius of curvature estimations based on empirical measurements compared to those based on 4 

predicted values of stress. Error bars represent a single standard deviation. Deposition temperatures included 345 °C (●) and 5 

375 °C (■). Bed temperatures included 175 °C (solid shapes) and 200 °C (hollow shapes). Print speeds included 15 mm/s (blue 6 

shapes) and 60 mm/s (red shapes). 7 

5. Summary and Conclusions 8 

In this study, we present an investigation into the influence of process parameters and interpretation 9 

of predicted molecular diffusion and thermal profiles on the degree of healing and stress development in 10 

FFF processing of the polyetherimide Ultem 1010. The approach is based on a transient, cross-sectional 11 

thermal profile developed utilizing a two-dimensional finite difference heat transfer analysis and 12 

incorporating a non-isothermal diffusion analysis. The results presented herein demonstrate the ability to 13 

explore the complex multiphysics-based processes inherent in FFF with great efficiency and reduced time 14 

with a basic software such as MATLAB or Mathematica. Further understanding of these aspects of FFF 15 

printing will aid in the development of predictive models that can efficiently and rapidly estimate the 16 

mechanical properties of a printed part, reducing the need for extensive trial and error testing. 17 

The degree of healing, a metric for the polymer diffusion between layers, primarily occurred in the 18 

first few seconds following deposition, when the temperature of adjacent layers exceeded Tg. The Dh 19 
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exhibited a sensitivity to the layer number caused by the decreasing equilibrium temperature, and the 1 

predicted Dh values further displayed an extreme sensitivity to the approximation and extrapolation of the 2 

reptation time, τrep. These results demonstrated that small changes in the extrapolation of τrep to lower 3 

temperatures can result in significant differences in the predicted value of Dh. The results in Table 2, 4 

demonstrating the comparison between the various τrep approximation techniques, suggests that the WLF 5 

approach most closely mimics empirical values, particularly at long layer times/slow printing. This suggests 6 

that the healing is dominated by the behavior of the polymer at temperatures less than or equal to Tg + 100 7 

°C. However, the trends produced by the healing models remained consistent, producing information that 8 

will provide a more thorough understanding of the impact of repeated thermal history on printed part 9 

properties produced using the FFF process. These trends suggested that the deposition temperature would 10 

have some effect on the healing due to its control of the molecular mobility immediately following 11 

deposition. Bed temperature should not significantly influence the interlayer healing except in the first few 12 

layers. A discrepancy in the influence of layer time indicated that the assumption of negligible heat 13 

conduction from the nozzle was incorrect, particularly in parts produced with slow print speeds/long layer 14 

times. Further, molecular level interpretations of local polymer dynamics suggest that the polymer chains 15 

are deformed/stretched due to the shearing from the printer nozzle experienced during extrusion. Due to the 16 

non-isothermal environment, an increase in the relaxation behavior by a factor of 2-3, as would be expected 17 

in terms of the relaxation observed in this PEI, can cause an almost order of magnitude increase in the time 18 

required for the  stretched polymer chains to relax prior to re-entanglement, greatly reducing the amount of 19 

time available for entanglement recovery in the vicinity of the  interlayer bond. These small discrepancies 20 

in the τrep can be the result of the application of incorrect approximation methods, resulting in erroneous 21 

results. 22 

Predictions of the stress development based on plane strain and thermal contraction illustrate an 23 

oscillatory relationship between stress and time due to the influence of the temperature profiles. The stress 24 

development exhibited a low sensitivity to changes in the deposition and bed temperatures because of the 25 
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relatively small influence on equilibrium temperature that determines the final layer stress state. These 1 

results are primarily a result of ignoring viscoelastic relaxation, particularly above Tg. Therefore, layer 2 

time, corresponding to print speed and time above Tg, has a significant influence on the equilibrium stress. 3 
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Supplementary Information 1 
 2 

 3 
Figure S1. a) SEM image depicting the surface of the SRWW at the peel location, surface suggests slight plastic deformation 4 
occurred during the test. b) SEM image depicting the surface of the SRWW at the peel location, smooth surface suggests no 5 

plastic deformation occurred during the test. 6 

 7 

 8 
Figure S2. Image of a printed single road width wall. Deformation can be observed at the bottom corners of the box. 9 
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  1 
Figure S3. Trouser tear test utilized to measure the tear resistance of the printed SRWW. 2 

 3 
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 1 
Figure S4. Tear test results of sample printed with Tdep = 375 °C, Tenv = 164 °C, and tlayer = 15 s. Each line represents the 2 

measurements from one side of the same single road width wall box. 3 
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 1 
Figure S5. Tear test results of compression molded PEI (Ultem 1010) sample compared to the thickness of the film. 2 

To further explore the trends observed when comparing the empirical and predicted measurements, we 3 
performed sensitivity analyses examining the influence of layer time, environmental temperature, 4 
convective heat transfer coefficient, bed temperature, and nozzle temperature on the degree of healing and 5 
stress development. The ranges of the parameters are specified in Table S1 and are representative of 6 
machine constraints in our system1. For each variable analysis, the other parameters were used at their 7 
design midpoints. The number of layers modeled was reduced to 24 to facilitate more rapid data collection. 8 
In this study, layer time was used rather than print speed because the effect of print speed on a printed part 9 
would be highly dependent on the part geometry, leading us to focus on layer time as a more representative 10 
parameter. 11 

Table S1. Ranges of variables used in the sensitivity analysis. 12 

Variable Min Max Step 
tlayer (s) 1 20 1 
Tenvironment (°C) 20 160 10 
Tbed (°C) 20 200 10 
Tdeposition (°C) 345 375 3 
h (W/m2K) 10 100 10 

 13 
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The sensitivity analyses for the degree of healing are presented in Figure S6. The absolute values of the 1 
degrees of healing often exceed 100%, a physical impossibility, and is most likely attributable to a slight 2 
error in the approximation of the reptation time. However, the trends produced remain valid and vital to 3 
understanding the FFF process, specifically to help guide future optimization studies. The results in Figure 4 
S6 demonstrate that Dh increases with increasing bed temperature in layer 1. Increasing the heat from the 5 
bed also increases the equilibrium temperature of the first layer, resulting in more healing, thus raising the 6 
Dh from approximately 16% at 20 °C to approximately 301% at 200 °C. However, layer 22 is not influenced 7 
by the heated bed at all due to its distance.  8 

The degree of healing in layers 1 and 22 increased following an increase in the environmental temperature 9 
because of a slower cooling rate resulting from the smaller difference between the deposition temperature 10 
and the environmental temperature. Furthermore, a higher environmental temperature would increase the 11 
equilibrium temperature of the layers following deposition, particularly those further from the heated bed. 12 
Therefore, increasing the environmental temperature from 20 °C to 150 °C raises the Dh for layer 22 from 13 
26% to 219% in the case of this study. Increasing the heat transfer coefficient, h, also decreases the degree 14 
of healing due to a similar argument, i.e. a change in the cooling rate. Higher values of h represent a greater 15 
degree of convection, which would increase the cooling rate and, thus, reduce the amount of time spent 16 
above Tg and decrease the degree of healing, even in layer 1, whose cooling rate is primarily dominated by 17 
the heated bed. 18 

Increasing the deposition temperature from 345 °C to 375 °C increases the degree of healing for both layer 19 
1 and layer 22 from 53% to 77% and 61% to 92%, respectively. Increasing the deposition temperature 20 
would increase the initial temperature of the deposited filament which would also increase the polymer 21 
chain mobility. However, the additional time spent at the elevated temperature is quite small because of a 22 
higher cooling rate resulting from the greater temperature difference between the deposition temperature 23 
and the environmental temperature. As a result, a relatively minor increase in Dh is realized.  24 

The relationship between layer time and Dh appears to be inverse and dependent on the layer number, or 25 
distance from the heated bed. Layer 1 does not display a strong influence from the layer time, exhibiting an 26 
increase in Dh only when the layer time is 1 or 2 seconds. At times longer than 2 seconds, the heated bed 27 
quenches the layer to an equilibrium value prior to the deposition of a new layer supplying thermal energy 28 
to the layer. Further from the heated bed, the layer equilibrates more slowly. Because of this, the layer time 29 
has a greater influence for times up to approximately 16 seconds, where the impact of layer time on Dh 30 
significantly lessens, although Dh does continue decreasing with increasing layer time for the entire 20 31 
seconds examined in the sensitivity analysis. This relationship would change to some degree with the 32 
introduction of the heat transfer from the nozzle, with the Dh most likely exhibiting a parabolic relationship 33 
with layer time as the slower print speeds (longer layer times) would allow more heat to transfer from the 34 
nozzle, increasing the potential healing between layers. 35 
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 1 
Figure S6. Sensitivity analysis of the degree of healing examining the effect of varying bed temperature (a), environment 2 

temperature (b), heat transfer coefficient (c), nozzle temperature (d), and layer time (e). 3 

The sensitivity analyses of the stress development, depicted in Figure S7, display the calculated stress 4 
values for the first and last layers of a 24-layer print. In this study, the stress development will only be 5 
influenced by the temperature difference between the glass transition temperature and the final, steady state 6 
temperature. The final layer, however, may not attain a true steady state temperature in some situations 7 
because, following deposition of the final layer, the printed part is only allowed to cool for an amount of 8 
time equivalent to twice the layer time.  9 

Figure S7a depicts the sensitivity of the stress development to the bed temperature. The final layer is not 10 
influenced by the bed temperature at all, maintaining a stress measurement of ~14 MPa across the entire 11 
temperature range of 20 °C to 200 °C. On the other hand, the stress in layer 1 is linearly dependent on the 12 
bed temperature. Due to this, the stress in layer 1 ranges from 20.4 MPa to 4.07 MPa based on the bed 13 
temperature. 14 
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According to Figure S7b, the environment temperature causes only a slight change in the stress developed 1 
in layer 1, from 13.6 MPa to 10.9 MPa when Tenv is increased from 20 °C to 150 °C. As discussed 2 
previously, the temperature of the bottom layer is controlled primarily by the temperature of the heated bed, 3 
although the environmental temperature can influence it slightly, particularly at the top of the layer. The 4 
stress developed in the final layer appears to be linearly dependent on the environmental temperature 5 
because the equilibrium temperature of that layer is determined by the environmental temperature. Thus 6 
the stress varies from 21.2 MPa to 6.95 MPa in the temperature range explored in this study. 7 

Figure S7c indicates that increasing the heat transfer coefficient does not affect the shear stress in layer 1 8 
to any significant degree because the temperature of layer 1 is controlled almost entirely by the adjacent 9 
heated bed, significantly reducing the influence of the convective heat transfer. The figure further indicates 10 
that the heat transfer coefficient can cause a relatively large change in the stress present in the final layer 11 
when h is small. When the heat transfer is low, the final layer is unable to reach a true steady state 12 
temperature before the completion of the model, resulting in a higher temperature and correspondingly 13 
lower stress value. 14 

Figure S7d suggests that the deposition temperature does not have a noticeable effect on the final stress of 15 
either the first or last layer. Layer 1 maintains a stress value of 12.2 MPa whereas the final layer changes 16 
only slightly, from 14.1 MPa to 14.0 MPa across the 30 °C temperature range. However, compared to the 17 
other parameters, this influence is negligible. 18 

The influence of layer time mimics that of the heat transfer coefficient, as can be observed in Figure S7e. 19 
The final stress of the first layer is not significantly influenced by the layer time because it has excessive 20 
time to attain a steady state temperature except at the shortest layer times. The stress in this layer ranges 21 
from 11.6 MPa to 12.2 MPa across the 20 second range of layer times. The temperature of the final layer, 22 
however, is unable to reach steady state in two layers worth of deposition time when the deposition time is 23 
extremely short. However, it plateaus at approximately 14.0 MPa when the layer time is approximately 24 
equal to 10 seconds.  25 
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 1 
Figure S7. Sensitivity analysis of the shear stress present in layer 1 and layer 24 examining the effect of varying bed temperature 2 

(a), environment temperature (b), heat transfer coefficient (c), nozzle temperature (d), and layer time (e). 3 
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