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Material extrusion additive manufacturing processes force molten polymer through a 

printer nozzle at high (> 100 s-1) wall shear rates prior to cooling and crystallization. These high 

shear rates can lead to flow-induced crystallization in common polymer processing techniques, but 

the magnitude and importance of this effect is unknown for additive manufacturing. A significant 

barrier to understanding this process is the lack of in situ measurement techniques to quantify 

crystallinity after polymer filament extrusion. To address this issue, we use a combination of 

infrared thermography and Raman spectroscopy to measure the temperature and percent 

crystallinity of extruded polycaprolactone during additive manufacturing. We quantify 

crystallinity as a function of time for the nozzle temperatures and filament feed rates accessible to 

the apparatus. Crystallization is shown to occur faster at higher shear rates and lower nozzle 

temperatures, which shows that processing conditions can have a dramatic effect on crystallization 

kinetics in additive manufacturing. 
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Introduction 

 Material extrusion processes are widely used in additive manufacturing (AM) due to the 

affordability of the raw materials and a straightforward printing process. In filament-based 

materials extrusion, a solid filament is drawn into a printer nozzle, heated to a temperature where 

the polymer flows readily, then extruded layer-by-layer onto a build plate.[1] The polymer flow in 

the nozzle is characterized by shear rates of order 100 s-1,[2] which leads to significant chain 

stretch, orientation, and disentanglement in the melt prior to deposition on the build plate.[3, 4] 

After deposition, the extrudate layers weld and solidify to generate a desired product.  

 Depending on the polymer, the solidification process will either occur via a glass transition 

or crystallization, and the type of process will have a significant impact on the mechanism of 

strength enhancement of the weld between polymer layers. Glassy polymers form welds by 

polymer diffusion across the weld zone.[5] The polymer chain dynamics follow a Williams-

Landel-Ferry relationship as the temperature approaches the glass transition,[6] which can be 

leveraged to determine an effective weld time during AM materials extrusion processes.[2] The 

weld strength for these glassy materials increases with the effective weld time τ with a power-law 

dependence of τ1/2 following the theory developed by Wool,[5] although the long-time weld 

strength of polymer layers from AM materials extrusion falls well below the fracture strength of 

the neat polymer.  

Solidification by way of crystallization has received much less attention in AM materials 

extrusion processes, although we can gain insight from prior work on the welding and fracture of 

semicrystalline polymers. Studies on ultrahigh molecular weight polyethylene (UHMWPE) have 

shown that weld strength between interfaces follows the τ1/2 dependence on the welding time when 

measuring fracture above the melting point.[7]  In contrast, the weld strength of UHMWPE at 
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room temperature is comparable to the strength of the semicrystalline bulk material regardless of 

welding time.[7] The high weld strength in the semicrystalline state is attributed to 

cocrystallization across the interface during crystal thickening below the melt temperature.[8] 

Conditions where cocrystallization is prohibited, such as when one of the interfaces is preannealed 

prior to contact, generate much weaker interfaces.[9] 

An additional confounding issue is that the temperature and flow history can have a 

dramatic effect on polymer crystallization kinetics and semicrystalline morphology. Flow-induced 

crystallization can be observed using a variety of thermal and mechanical protocols.[10] 

Conditions where isothermal shear flow in the melt state was followed by rapid cooling are 

relevant to the AM materials extrusion process; for example, Eder et al. observed that a highly-

oriented “skin layer” of semicrystalline material increased in thickness with increasing extrusion 

speed and slit-die length in extruded polypropylene.[11] Additional optical measurements in a slit-

die showed that birefringent pre-crystalline material could be formed during shear.[10] The 

birefringent structures melted once shear flow was stopped, however the timescales for melting 

increased dramatically at temperatures near the spherulite melting temperature. Hamad et al. 

monitored polypropylene crystallization on a rheometer after different amounts of shear in the melt 

state prior to crystallization.[12] They observed that shear flow applied above the maximum 

reported equilibrium melt temperature (~210 ºC)[13] had a diminishing effect on the crystallization 

kinetics compared with shear flow applied at temperatures as low as 160 ºC. 

Since AM materials extrusion is a layer-by-layer process, in situ knowledge of temperature 

and crystallinity of an extruded layer prior to the deposition of an additional layer is critical to 

understanding the welding process. Temperature measurements in the extrudate have been 

performed using both contact and non-contact methods. The primary contact-based thermal 
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measurements have been performed using thermocouples embedded in the build plate of the 

printer.[14, 15] These measurements are limited to a single position in the extrudate, and the 

accuracy of thermocouple measurements depends on the contact between the thermocouple and 

the sample. More recently, infrared (IR) thermography was implemented as a non-contact 

temperature measurement in filament extrusion processes.[16, 17] IR thermography allows for 

temperature mapping over a region of the extrudate to measure the cooling rate in multiple printed 

layers in additive processes.[16]  

 Process line measurements of crystallinity in additive manufacturing are less frequently 

employed, although some results using X-ray scattering have been reported. X-ray diffraction 

measurements were performed on polycaprolactone (PCL) flowing through the nozzle of a 

custom-built material extruder.[18] The extended nozzle geometry allowed for diffraction 

measurements at different positions along the nozzle length, where the appearance and orientation 

of crystalline domains could be monitored. Offline small angle X-ray scattering (SAXS) 

measurements performed on material-extruded PCL indicated that crystalline orientation in the 

printing direction was increased at higher polymer feed rates and lower nozzle temperatures.[19] 

Although X-ray scattering measurements are successful in characterizing crystallinity, process line 

measurements using these techniques are limited to synchrotron sources. There is a clear 

measurement need for additional process line measurements of crystallinity in additive 

manufacturing. 

 Raman spectroscopy has shown great success in characterizing polymer crystallization in 

processing flows. Although Raman spectroscopy is not a direct measurement of crystallinity, 

relative peak intensities in the Raman spectrum can often be correlated with a percent crystallinity. 

Since Raman is an optical scattering phenomenon, the measurement can be performed in a 
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backscattering mode using fiber optic coupling to facilitate process line measurements. This 

operating mode has been used to measure crystallinity in polyolefins undergoing blown film 

extrusion[20] and fiber spinning processes.[21] In our prior work, we developed a linear 

relationship between the Raman spectrum of PCL and crystallinity.[22] Raman probe techniques 

should therefore be a viable in-line method for measuring crystallinity in material extrusion 

processes. 

 In this paper we use a combination of IR thermography and Raman spectroscopy to 

demonstrate the effect of material extrusion processing conditions on the crystallization kinetics 

of PCL. We isolate the effect of the extrusion and deposition process on polymer crystallization 

kinetics by continuous printing onto a belt conveyor system. This simplified setup removes any 

temperature or diffusion effects from extrudate layer-layer interactions and allows time-averaged 

measurements of Raman spectra and IR intensity as a function of distance or time from the extruder 

nozzle. By varying the nozzle temperature and flow rate, we can determine the conditions where 

the printing process enhances crystallization kinetics. 

Experimental 

The polycaprolactone used in these experiments was purchased in filament form (Flexible 

Filament, Makerbot) with a diameter of 1.75 mm and used as received (see Disclaimer). The molar 

mass distribution was measured using a Waters Breeze gel permeation chromatography system 

with differential refractive index detection.  The system used three Waters Styragel HR columns:  

HR 4, HR3, and HR 0.5 as the stationary phase and the mobile phase eluent was tetrahydrofuran 

at 35 °C.  The mass average molar mass of the polycaprolactone filament is 96.7 kg/mol with a 

dispersity of 1.73, which was determined based on a calibration curve of narrow dispersity 

polystyrene standards with peak-average molar masses ranging from 0.5 kg/mol to 400 kg/mol.  
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The filament is used in the experimental setup shown in Figure 1. A print head (High 

Temperature Cobra Extruder, Micron E.M.E) consisting of a drive wheel, heater, and nozzle is 

held stationary above a belt conveyor (HAAKE, Thermo Fisher Scientific). The length of the 

heated region is 10 mm. The temperature of the heater is set by a temperature controller (Watlow), 

and the rotation of the drive wheel is set using a DC motor driver (DRV 8834, Texas Instruments) 

controlled via Arduino. The nozzle has a diameter of 0.5 mm and is fixed at a height 2 mm above 

the conveyor belt. The belt velocity is controlled so that the extrudate exiting the nozzle does not 

coil on the belt or visibly draw from the nozzle. The conveyor belt exhibited a strong Raman 

spectrum in the spectral region of interest, so a replacement belt was fashioned from a 

polyethylene-coated duct tape. During operation, a single extruded layer travels on the belt from 

the nozzle to a take-up wheel. Steady-state printing conditions were chosen such that continuous 

extrusion was possible. Filament feed rates were measured by marking the filament at 10 cm 

increments and measuring the rate at which the markings were drawn into the print head. 

Accessible feed rates were between 0.18 cm/s at nozzle temperature of 90 °C and 0.31 cm/s at 

140 °C. 

 
Figure 1. Schematic diagram of experimental setup for process line Raman spectroscopy. 
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 A Raman fiber optic probe (InPhotonics) was positioned above the filament to perform 

Raman spectra measurements. The fiber probe is connected via two fiber optic cables to a DXR 

Raman microscope (ThermoFisher) using a 780 nm excitation laser operating at 24 mW. A lens at 

the end of the Raman probe focuses the laser light onto a nominal spot size of 105 µm, and the 

backscattered light is collected and returned to the spectrometer for analysis.  The exposure time 

for Raman measurements was 15 s, and eight exposures were averaged together to generate the 

recorded Raman spectrum. The Raman spectra in the carbonyl (C=O) stretch region of the 

spectrum are analyzed to determine crystallinity using a method developed previously.[22] Briefly, 

we fit the experimental spectra to a set of three basis spectra that account for chains in an 

amorphous conformation, chain-chain dipole interactions, and chains ordering in a crystalline 

lattice. The integrated intensity of the crystalline basis spectrum normalized by the total integrated 

intensity of the C=O stretch region is directly proportional to the crystallinity as measured by 

DSC.[23] We calculate the mass fraction crystallinity αc from each Raman spectrum as 

 c
c

tot

I

I
    (1) 

where Ic is the integrated intensity of the crystalline basis spectrum and Itot is the integrated 

intensity of the entire C=O stretch region. The coefficient β = 1.26 was determined by measuring 

the Raman spectrum of different PCL samples with crystallinities measured via DSC. 

 IR thermography measurements were performed by replacing the fiber optic probe with an 

IR camera (A6700sc, FLIR). Videos of the extrudate were recorded at various positions along the 

conveyor belt at a frame rate of 60 Hz and an integration time of 2.4 ms – example images from 

the videos are shown in the Supplementary Material. The IR photon count at the center of the 

extrudate was recorded over a period of five seconds. Additional IR videos were also taken of the 

extrudate emerging directly from the nozzle with the belt conveyor removed. The total IR photon 
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count was converted to temperature via calibration measurements of the IR photon count of PCL 

samples placed on a temperature-controlled stage (THMS600, Linkam Scientific). The total count 

versus temperature is well fit using a general form of Planck’s equation as shown in the 

Supplementary Material.  

 Melt viscosity measurements of the PCL filament material were performed on a rheo-

Raman microscope. Rheology measurements were performed using a 20 mm cone and plate 

geometry with cone angle 1° and a truncation gap of 52 μm. Reflection-mode optical imaging 

through the base of the rheometer was performed using crossed polarizers to confirm that no 

birefringent (crystalline) structure appeared below the equilibrium melt temperature on the 

timescale of the viscosity measurement. 

Results and Discussion 

 To examine the effect of flow in the nozzle on the crystallization kinetics, we must first 

characterize the viscosity of PCL in the melt state. The viscosity of the PCL filament material is 

shown in Figure 2, where the data has been shifted to 100 °C using time-temperature superposition. 

Although the viscosity measurements at 60 °C are measured below the equilibrium melting 

temperature of PCL, we did not optically observe the growth of semicrystalline domains during 

the viscosity measurement. The polymer has a constant viscosity near 2000 Pa·s at lower shear 

rates and exhibits noticeable shear thinning as the shear rate increases. The viscosity follows the 

Carreau model with a negligible high shear viscosity, 
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which includes the zero-shear viscosity 0 , time constant  , and the power law index n. The 

best-fit values of eq 2 to the data result in 0  = 2008 ± 9 Pa·s,   = 0.065 ± 0.014 s, 

and n = 0.75 ± 0.04. 

 
Figure 2. Viscosity versus shear rate for PCL at three temperatures. The line shows the best fit 
of eq 2. 

 

To determine the nozzle shear rate based on the filament feed rates, we can model the 

printing process as extrusion through a capillary die. The feed rate and nozzle temperature can 

then be used to determine the shear rate in the nozzle. The nozzle geometry consists of a circular 

capillary of radius R = 250 µm and length L = 800 µm just prior to extrusion onto the conveyor 

belt. Although we note that the ratio L/R = 3.2 is most likely dominated by entrance effects,[24] 

we will assume that steady-state flow occurs over the length of the capillary. The wall shear rate 

W  for a power law fluid in a circular capillary is 
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where Q is the volumetric flow rate of the PCL melt and n is the power law index. The volumetric 

flow rate can be determined by a mass balance between the solid filament mass flow rate and the 

mass flow rate in the capillary. Since the mass flow rate is the product of the density ρ and the 

volumetric flow rate Q, we write the mass balance as 

 s s e eQ Q   . (4) 

 The subscript “s” indicates properties of the solid filament, and “e” indicates properties of the 

melt in the nozzle. The density of the solid filament is 1100 kg/m3, and the filament volumetric 

flow rate for the filament of radius Rs = 0.9 mm is the product of the filament feed rate f and the 

cross-sectional area, 2
s sQ R f . The density of the extrudate is calculated from an empirical 

relationship for the specific volume 1/e e   as  

 0
T

e e     (5) 

where the fit parameters are 0  = 0.9049 cm3/g and ε = 6.392 × 10-4 K-1.[25] The temperature T is 

set equal to the nozzle temperature. To confirm that the extrudate was being heated to the nozzle 

temperature we performed thermography measurements of the extrudate approximately 150 µm 

from the nozzle with the belt conveyor removed. The measured temperatures are (89.8 ± 1.0) °C, 

(104.2 ± 1.0) °C, and (133.3 ± 1.2) °C for the set temperatures of 90 °C, 110 °C, and 140 °C 

respectively. The temperature is independent of the nozzle feed rate to within measurement 

uncertainty.  

The Raman spectrum of the PCL extrudate at different positions along the conveyor belt is 

shown in Figure 3 for a feed rate of 0.19 cm/s (
1

W 450s  )  and a nozzle temperature of 110 °C. 
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The extrudate spectrum at short distances from the nozzle is characterized by a broad peak 

consistent with polycaprolactone in the melt state. As the extrudate moves away from the nozzle, 

the peak position in the C=O stretch band shifts from approximately 1730 cm-1 to 1724 cm-1 as the 

polymer crystallizes. The experimental spectra are well-fit by the three basis spectra, as indicated 

by the negligible residuals beneath each spectrum. At short distances from the nozzle the spectrum 

is comprised of the dipole-dipole and amorphous basis spectra, with a negligible contribution from 

the crystalline basis spectrum. The crystalline spectrum increases in intensity further from the 

nozzle, with a corresponding decrease in intensity of the amorphous component. The nominal 

Raman spot size is smaller than the nozzle diameter, and we therefore expect that the Raman 

measurement is probing the average chain conformations within a sampling volume that extends 

approximately 100 µm into the extrudate surface.  
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Figure 3. Raman spectra of polycaprolactone extrudate and the basis spectra fits at the indicated 
distances from the extruder nozzle. The colored filled points indicate the raw data, the black line 
indicates the total fit, the blue line indicates the crystalline basis spectrum, and the grey lines 
indicate the dipole-dipole and amorphous basis spectra for each measurement. The colored open 
points beneath each spectrum indicate the residual for each fit. All spectra are normalized by the 
total integrated intensity in the C=O stretch region. 

 
 From the basis spectra we determine the crystallinity as a function of position as shown in 

Figure 4a for a representative set of filament feed rates at a nozzle temperature of 110 °C. At 

positions near the nozzle, the measured crystallinity is within the noise limit of 0.025 mass fraction 

crystallinity. The crystallinity increases as the extrudate moves approximately 20 cm from the 

nozzle and continues to increase until the extrudate reaches the end of the conveyor at 45 cm. 

Crystallization continues as the extrudate is drawn onto the uptake wheel, and Raman-based 

crystallinity measurements on the extrudate 24 hours after printing indicate crystallinities in the 

range of 0.48 to 0.52. These final crystallinity values are near the room temperature crystallinity 
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of 0.55 for a PCL of comparable molecular weight.[22] The temperature from IR thermography is 

shown in Figure 4b, which shows a rapid cooling of the extrudate at short distances from the 

nozzle. At distances beyond 16 cm the IR contrast between the extrudate and the background is 

negligible, and we do not report the temperature. 

 
Figure 4. a) Crystallinity of PCL extrudate as a function of distance for the printer operating at 
110 °C and different feed rates covering a wall shear rate range of (450 to 550) s-1. b) 
Temperature of the extrudate. The gray shaded region indicates crystallinities that are within 
measurement noise. The error bars indicate the standard deviation of measurements at each 
position. 

 
The primary temperature loss from the extrudate is via convection at the polymer-air 

interface, which could potentially cause a temperature gradient in a cross-section of the extrudate. 

We can estimate the magnitude of the temperature gradient by determining the thermal resistance 

of the extrudate relative to the thermal resistance of the surrounding air via the Biot number 

Bi /hl k , where h is the heat transfer coefficient at the polymer-air interface, l is a characteristic 

dimension of the extrudate cross-section, and k is the thermal conductivity of the polymer. 

Assuming free convection in air h = 20 W/(m2·K),[26] a length scale equal to the radius of the 
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nozzle l = 250 µm, and a thermal conductivity k = 0.2 W/(m·K)[27] yields Bi = 0.03, which in 

small enough to assume a negligible temperature gradient within the extrudate cross-section. The 

temperature measured at the surface of the extrudate from IR thermography is therefore a reliable 

indication of the temperature within the extrudate. 

The results as a function of distance in Figure 4 can be converted to functions of time by 

dividing the distance by the belt speed for each feed rate, as shown in Figure 5. The resulting 

crystallization dynamics in Figure 4a show an almost negligible effect of the filament feed rate on 

crystallization kinetics, with the slowest feed rate crystallizing slightly slower. The temperature 

profiles in Figure 5b collapse onto a single curve. This is not unexpected, since the feed rate should 

have a negligible effect on the extrudate cooling rate. A significant rise in the crystallinity occurs 

approximately 20 s after extrusion, at which point the extrudate has cooled to temperatures below 

40 °C. Measurements for printing conditions at 90 °C and 140 °C are included in the 

Supplementary Material; thermography measurements at 90 °C are not shown due to lack of IR 

contrast (i.e., low temperatures) at a distance 2 cm from the nozzle. 
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Figure 5. The data from Figure 3 plotted as a function of time for a) crystallinity and b) 
temperature. The gray shaded region indicates crystallinities that are within measurement 
noise. The error bars indicate the standard deviation of four measurements at each time. 

   
 We can now examine the effect of the wall shear rate on crystallization kinetics for the 

results shown in Figure 5a, as well as printing conditions at additional temperatures and wall shear 

rates. Figure 6 shows the time 0.1  at which the crystallinity exceeds a mass fraction of 0.1 as a 

function of the calculated wall shear rate for these conditions. Higher wall shear rates are accessible 

at higher nozzle temperatures due to the lower viscosity and lower density of the material being 

forced through the nozzle. Higher wall shear rates enhance the crystallization kinetics at lower 

nozzle temperatures, and the effect of shear is much less pronounced when extruding at higher 

nozzle temperatures. We note that all conditions are performed at nozzle temperatures above the 

equilibrium melting temperature of PCL (approximately 70 °C). 
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Figure 6. Crystallization time as a function of the estimated wall shear rate for three nozzle set 
temperatures.  

  

Filament melting in the printer nozzle is a transient process; therefore, the temperature 

history of the filament is critical to understanding whether the faster crystallization kinetics are 

due to flow-induced crystallization or incomplete melting of the semicrystalline domains prior to 

extrusion. Although we cannot perform thermography measurements inside the nozzle, our IR 

measurements at the nozzle show that the extrudate is emerging at temperatures where PCL is 

expected to be in the melt state.[28] However, this is not sufficient to say that all crystalline 

material has melted by the time the polymer exits the extruder nozzle. The presence of crystalline 

nuclei in the extrudate would yield a “self-seeding” effect that would enhance the crystallization 

kinetics at lower temperatures.[28] We also note that the flow and temperature history of the 

polymer in the nozzle is not well-understood; recent measurements of the deformation and 

temperature profiles in a printer nozzle have shown that the materials extrusion process is highly 

non-isothermal in the print head.[29] 
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 In addition to incomplete melting, flow-induced crystallization could also explain the faster 

crystallization kinetics. Our results are in qualitative agreement with flow-induced crystallization 

measurements that impose shear in the melt state prior to a temperature quench – the effects of 

shear are more pronounced when flow is applied near the melting temperature. Any structures 

generated in flow are also expected to have long lifetimes above the equilibrium melting 

temperature compared to semicrystalline domains grown in isothermal conditions.[10] The rapid 

cooling of the extrudate outside the printer nozzle further prolongs the presence of flow-induced 

structures until the polymer reaches a temperature for spontaneous crystallization, at which point 

the remaining pre-crystalline structures act as nucleation sites. The high shear rates have a 

significantly reduced effect on crystallization kinetics at higher nozzle temperatures. We note our 

nozzle temperatures are significantly above the equilibrium melting temperature as measured from 

the intersection of the crystallization temperature and melting temperature (70 °C);[30] however, 

Strobl and co-workers have proposed that the equilibrium melting temperature should be 

significantly higher.[31] They argued from the Gibbs-Thompson rule that the equilibrium melting 

temperature should be determined from the linear relationship between the melting temperature 

and the inverse lamellar thickness extrapolated to zero inverse thickness (i.e., infinitely thick 

lamellae). Their SAXS measurements yielded an equilibrium melting temperature of 

approximately 99 °C. Our measurements indicate that shear flow at temperatures below the 

melting temperature of infinitely thick lamellae strongly enhance crystallization kinetics in 

filament-extrusion type processing flows. 

From a molecular viewpoint, significant chain orientation and stretch is expected near the 

walls of the printer nozzle,[3] which will promote crystallization near the outer surface of the 

extrudate.[32] This outer shell of semicrystalline material would inhibit the diffusion of polymer 
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chains across the weld during the printing process. Since the Raman fiber optic probe is focused 

that the optically scattering semicrystalline domains in the extrudate will limit the Raman 

scattering volume to regions near the polymer-air interface.[33] This would make Raman sensitive 

to those crystalline surface layers that would have the largest effect on weld strength.  

In addition to shear flow, we expect significant extensional flow as the polymer melt enters 

the constricted region of the nozzle.[34] Extensional deformation would be highest near the center 

of the extrudate and would lead to additional chain stretch, alignment, and disentanglement, which 

would further increase the rate of crystallization. 

Conclusions 

 Incorporation of in-line Raman spectroscopy measurements in a simplified filament-

extrusion additive manufacturing process allows us to characterize polycaprolactone 

crystallization kinetics as a function of the two control parameters: nozzle temperature and 

filament feed rate. By extruding onto a belt conveyor system with measured belt velocity we can 

easily measure crystallinity as a function of time following extrusion from the nozzle. Our results 

indicate that the processing conditions have a significant effect on crystallization kinetics when 

printing at lower temperatures in the melt state. Complementary IR thermography measurements 

indicate rapid cooling of the extrudate outside the nozzle with a cooling rate that is independent of 

the filament feed rate. This work immediately motivates further theoretical and computational 

demonstration of the conditions for complete melting in the print head and flow-induced 

crystallization due to polymer deformation during materials extrusion to determine the underlying 

mechanism for enhanced crystallization kinetics. Additional experimental work is necessary to 

determine the effect of printing conditions on semicrystalline domain orientation and chain 

alignment under conditions where flow-induced crystallization is expected. These results are 
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critical to the understanding of process-property relationships in the additive manufacturing of 

semicrystalline polymers. 

  
Acknowledgements 

Certain commercial equipment, instruments, or materials are identified in this paper in 

order to adequately specify experimental procedure. Such identification does not imply 

recommendation or endorsement by the National Institute of Standards and Technology, nor does 

it imply that the materials or equipment identified are necessarily the best available for the purpose. 

We would like to thank Professor Ron Larson for helpful discussions and Jonathan Seppala for 

assistance with the thermography measurements. 

 
References 

[1] H. Bikas, P. Stavropoulos, G. Chryssolouris, Additive manufacturing methods and modelling 
approaches: a critical review, The International Journal of Advanced Manufacturing Technology 
83(1) (2016) 389-405. 
[2] J.E. Seppala, S. Hoon Han, K.E. Hillgartner, C.S. Davis, K.B. Migler, Weld formation during 
material extrusion additive manufacturing, Soft Matter 13(38) (2017) 6761-6769. 
[3] C. McIlroy, P.D. Olmsted, Deformation of an amorphous polymer during the fused-filament-
fabrication method for additive manufacturing, Journal of Rheology 61(2) (2017) 379-397. 
[4] C. McIlroy, P.D. Olmsted, Disentanglement effects on welding behaviour of polymer melts 
during the fused-filament-fabrication method for additive manufacturing, Polymer 123 (2017) 
376-391. 
[5] R.P. Wool, Adhesion at polymer–polymer interfaces: a rigidity percolation approach, 
Comptes Rendus Chimie 9(1) (2006) 25-44. 
[6] M.L. Williams, R.F. Landel, J.D. Ferry, The Temperature Dependence of Relaxation 
Mechanisms in Amorphous Polymers and Other Glass-forming Liquids, Journal of the American 
Chemical Society 77(14) (1955) 3701-3707. 
[7] Y.Q. Xue, T.A. Tervoort, P.J. Lemstra, Welding Behavior of Semicrystalline Polymers. 1. 
The Effect of Nonequilibrium Chain Conformations on Autoadhesion of UHMWPE, 
Macromolecules 31(9) (1998) 3075-3080. 
[8] A.N. Gent, C. Wang, Cutting resistance of polyethylene, Journal of Polymer Science Part B: 
Polymer Physics 34(13) (1996) 2231-2237. 
[9] Y.Q. Xue, T.A. Tervoort, S. Rastogi, J. Lemstra, Welding Behavior of Semicrystalline 
Polymers. 2. Effect of Cocrystallization on Autoadhesion, Macromolecules 33(19) (2000) 7084-
7087. 



19 
 

[10] G. Eder, H. Janeschitz-Kriegl, S. Liedauer, Crystallization processes in quiescent and 
moving polymer melts under heat transfer conditions, Progress in Polymer Science 15(4) (1990) 
629-714. 
[11] G. Eder, H. Janeschitz-Kriegl, G. Krobath, Shear induced crystallization, a relaxation 
phenomenon in polymer melts, Steinkopff, Darmstadt, 1989, pp. 1-7. 
[12] F.G. Hamad, R.H. Colby, S.T. Milner, Onset of Flow-Induced Crystallization Kinetics of 
Highly Isotactic Polypropylene, Macromolecules 48(11) (2015) 3725-3738. 
[13] J. Bicerano, Crystallization of Polypropylene and Poly(Ethylene Terephthalate), Journal of 
Macromolecular Science, Part C 38(3) (1998) 391-479. 
[14] Q. Sun, G.M. Rizvi, C.T. Bellehumeur, P. Gu, Effect of processing conditions on the 
bonding quality of FDM polymer filaments, Rapid Prototyping Journal 14(2) (2008) 72-80. 
[15] M.D. Monzón, I. Gibson, A.N. Benítez, L. Lorenzo, P.M. Hernández, M.D. Marrero, 
Process and material behavior modeling for a new design of micro-additive fused deposition, 
The International Journal of Advanced Manufacturing Technology 67(9) (2013) 2717-2726. 
[16] J.E. Seppala, K.D. Migler, Infrared thermography of welding zones produced by polymer 
extrusion additive manufacturing, Additive Manufacturing 12 (2016) 71-76. 
[17] R.B. Dinwiddie, L.J. Love, J.C. Rowe, Real-time process monitoring and temperature 
mapping of a 3D polymer printing process, SPIE Defense, Security, and Sensing, SPIE, 2013, p. 
9. 
[18] F. Liu, C. Vyas, G. Poologasundarampillai, I. Pape, S. Hinduja, W. Mirihanage, P. Bartolo, 
Structural Evolution of PCL during Melt Extrusion 3D Printing, Macromolecular Materials and 
Engineering 303(2) (2018) 1700494-n/a. 
[19] A. Tojeira, S.S. Biscaia, T.Q. Viana, I.S. Sousa, G.R. Mitchell, Controlling Morphology in 
3D Printing, in: G.R. Mitchell, A. Tojeira (Eds.), Controlling the Morphology of Polymers: 
Multiple Scales of Structure and Processing, Springer International Publishing, Cham, 2016, pp. 
181-207. 
[20] S.S. Cherukupalli, A.A. Ogale, Online measurements of crystallinity using Raman 
spectroscopy during blown film extrusion of a linear low-density polyethylene, Polymer 
Engineering & Science 44(8) (2004) 1484-1490. 
[21] R.P. Paradkar, R.M. Patel, E. Knickerbocker, A. Doufas, Raman spectroscopy for spinline 
crystallinity measurements. I. Experimental studies, Journal of Applied Polymer Science 109(5) 
(2008) 3413-3420. 
[22] A.P. Kotula, C.R. Snyder, K.B. Migler, Determining conformational order and crystallinity 
in polycaprolactone via Raman spectroscopy, Polymer 117 (2017) 1-10. 
[23] ASTM3418-15, Standard Test Method for Transition Temperatures and Enthalpies of 
Fusion and Crystallization of Polymers by Differential Scanning Calorimetry, ASTM 
International, West Conshohocken, PA, 2015. 
[24] C.W. Macosko, Rheology: principles, measurements, and applications, Wiley-vch1994. 
[25] P.A. Rodgers, Pressure–volume–temperature relationships for polymeric liquids: A review 
of equations of state and their characteristic parameters for 56 polymers, Journal of Applied 
Polymer Science 48(6) (1993) 1061-1080. 
[26] R.B. Bird, W.E. Stewart, E.L. Lightfoot, Transport Phenomena, John Wiley and Sons, Inc., 
New York, 2002. 
[27] Y. Agari, A. Ueda, Thermal conductivity of poly(vinyl chloride)/polycaprolactone blends, 
Journal of Polymer Science Part B: Polymer Physics 32(1) (1994) 59-62. 



20 
 

[28] A.T. Lorenzo, M.L. Arnal, J.J. Sánchez, A.J. Müller, Effect of annealing time on the self-
nucleation behavior of semicrystalline polymers, Journal of Polymer Science Part B: Polymer 
Physics 44(12) (2006) 1738-1750. 
[29] F. Peng, B.D. Vogt, M. Cakmak, Complex flow and temperature history during melt 
extrusion in material extrusion additive manufacturing, Additive Manufacturing 22 (2018) 197-
206. 
[30] B. Lebedev, A. Yevstropov, Thermodynamic properties of polylactones, Die 
Makromolekulare Chemie 185(6) (1984) 1235-1253. 
[31] B. Heck, T. Hugel, M. Iijima, G. Strobl, Steps in the formation of the partially crystalline 
state, Polymer 41(25) (2000) 8839-8848. 
[32] R.S. Graham, P.D. Olmsted, Coarse-Grained Simulations of Flow-Induced Nucleation in 
Semicrystalline Polymers, Physical Review Letters 103(11) (2009) 115702. 
[33] B. Schrader, Micro methods in infrared and Raman spectroscopy, Fresenius' Journal of 
Analytical Chemistry 337(7) (1990) 824-829. 
[34] D.V. Boger, Viscoelastic Flows Through Contractions, Annual Review of Fluid Mechanics 
19(1) (1987) 157-182. 



21 
 

Supplementary Material for  

Effect of processing conditions on crystallization kinetics during 

materials extrusion additive manufacturing 

Lily A. Northcutt, Sara V. Orski, Kalman B. Migler, Anthony P. Kotula 

Materials Science and Engineering Division, NIST, Gaithersburg, MD 20899 

  



22 
 

 
Figure S1. False color infrared thermography images of polycaprolactone extruded at a nozzle 
temperature of 140 °C and a feed rate of 0.30 cm/s taken at three distances from the nozzle: a) 
2.8 cm, b) 7.6 cm, and c) 16 cm. The color scale on the right indicates the corresponding IR 
photon count (dimensionless). Extrudate motion is from top to bottom in each image. 

 

 

Figure S2. Calibration of IR photon count versus temperature of a PCL sample on a hot plate. 
The symbols indicate measurements and error bars indicate the standard deviation of 10 
measurements. The line shows the best fit to a general Planck equation: 

   1
exp / 1IR A B T C


   , where IR is the IR photon count, T is the temperature, and A, B, 

and C are fitting parameters. The coefficients are A = (2.940 ± 0.049) × 107, 
B = (3546.6 ± 7.4) K, and C = 4691.0 ± 5.6 
 

 



23 
 

 
Figure S3. Crystallization kinetics of the PCL extrudate at 90 °C and 140 °C. 

 

 
Figure S3. Temperature profiles of the PCL extrudate at 140 °C. 

 


