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Abstract

The fradure strength developed between Fused-Depasition extruded roads is modeled in
terms of the wetting and thermally-driven diffusion bonding processes. Thermal histories at the
road-to-road interface @e obtained from a hea transfer analysis and wed to develop model
predictions based on reptation theory for the interdiffusion o long-chain pdymer moleaules.
Fradure toughnessdata on FD-ABS plastic spedmens is used to quantify the model. The results
show that most of the fradure strength develops during the surfacewetting stage of bondng and
that slower coadling rates during solidificaion promote stronger bondng between the roads.

Introduction

Fused-Deposition (FD) credes a physicd representation d a CAD model via computer-
cortrolled robatic extrusion d a small paymeric “road” or “fiber” in a layer-by-layer additive
material depasition process (Figure 1). The roads are extruded in a semi-liquid state and bond
with the neighbaing roads by moleaular interpenetration at the interfaces to form the solid
model. The strength of the bonds diredly affeds the mecdhanicd strength of the FD model. The
flexibility of the FD processto creae geometricdly complex parts with tail ored mesostructural
charaderistics (i.e., fedures at the scde of the extruded fiber diameter ~ 0.1 mm) endow it with
unique potential for the manufadure of multifunctional materials and parts with optimized
performance However, a better understanding of the dfed of the FD variables like extrusion and
envelope temperatures and road dmensions on the bondng process is nealed before this
patential can be exploited.

We describe herein the results of a combined analyticd-computationa -experimental
study of the fiber-to-fiber interface strength of FD-ABS plastic materials. Previous dudies
pertaining to FD-ABS mesostructure, stiffness and strength are reported in [1-4]. After
presenting some badkground onthermally-driven moleaular bondng between like paymers, a
description d the analyticd/computational methods used to model the bond strength as a
function d various parameter values is given. Experimenta fradure toughnessmeasurements are
used quantify the model. The model is then used to make interface toughness estimates for
processvariable settings of possble interest. The results siow that most of the fracure strength
develops during the surface wetting stage of bondng and that slower coding rates during
solidification promote stronger bondng between the roads.

Background
The bondng of similar paymers involves a processof interpenetration d the moleaular

chains aaoss an interface The processis thermally adivated and orly occurs at temperatures
abowe the paymer's glass transition temperature. As moleaular interpenetration increeses, the
interfacegradually disappeas and mechanicd strength develops. Wod and O'Conna [5] model
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the bondng process using reptation theory, a speda type of massdiffusion that occurs in five
stages. (z) surfacerearangement, (i7) surface @proad, (:i7) wetting, (iv) diffusion, and (v)
randamization. Surface rearangement and approach occur prior to surface ontad. During
wetting, barriers to moleaular interpenetration related to inhamogeneities on the interface
disappea, and by the end d this gage, the dains are freeto move acoss the interfacevia
reptation dffusion.

A maaoscopic recvery function (normalized fradure toughness, R(t), is defined for
isothermal condtions in terms of the @nvdution between an intrinsic heding function for
wetting and dffusion, Ry, (¢) ,and awetting distribution function, ¢(¢) [5]:

R(t) = /0 Rp(t — T)dq;—it)df = [[((—(: (1)

where K () isthe interfacetoughnessafter time ¢ at some nstant temperature 7', and K, isthe
fradure toughnessof the virgin material. The cnvdutionintegral represents bondng as the sum
of wetting and dffusion processes initiated at different times. The intrinsic heding function
Ry (t) isgiven by:

t 1
1 =R 1—Ry)| ——= 2
Ralt) = R+ (1= o) ({77 ) @
where Ry is the normalized toughnessthat develops on wetting and ¢, (7') is the reptation time
as afunction d temperature, T'. Note that Ry (f.) = 1, signifying full recvery of the interface
toughnessto the “virgin” material value.

The temperature dependence of ¢, can be modeled using the WLF equation [6]:

(1D _ _ 886(T—T,)
Nio(T)) ~ 1016 +T — T,

With ¢o inmin. and T in ° K. Vaues for T; and ¢, (T5) are determined from interfacetoughness
data from anneded FD-ABS spedmens. The wetting distribution functionis taken as:

P(t) = do + (1 — ¢o) (1 — e7¥") (4)

where ¢, is the instantaneous fradional gain of wetted area @ ¢ = 0, and (1 — e7*") is a
generalized Avrami-Erofeev readion kinetics model [7] charaderizing the nucleaion and growth
of wetted area & the interface k is a thermally-adivated rate constant, and m charaderizes the
order of the readion. We have assumed that / is constant and consider valuesof m = 1,2, and 3
correspondng to: diffusion controlled growth o the wetted areawith instantaneous nucledion,
linea growth with instantaneous nucledion a diffusion controll ed growth with linea nucledion,
and linea growth with linea nucledion, respedively [5].
Equation (1) can beintegrated to give:

R(t) = ¢oRu(t) + Ro(1 — ¢o) (1 — ™) + I, (5)

(3)

where Ry, () isgiven by Eq. (2), and I,,, isgiven by:
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I = km<1—¢o><1—R0>B(§,m) e (6)

4 (L4
« 1’m—l—l’m’ 2m—1; 5/4—|—m’9/4—|—m’m’ 5/4—|—2m—1; _ym
mom m m m m m
B(§,m) is the Beta function, and mFm<1, mtl . 5/‘::’",9/‘::7",...; —k-tm> is the

generalized hypergeometric series.

Bastien and Gillespie [8] numericdly extended a similar paymer heding mode to
nonsothermal condtions by dividing the thermal history into small, constant-temperature time
intervals, and then summing to oltain R(¢). In an analogous fashion, we have ectended the
model to nonisothermal condtions by implicitly differentiating Eq. (5) with resped to time and
then integrating over the temperature history. That is:

m “OR Iy,
R(ty) = Ro(1 — ¢y) (1 — e_ktg) + ¢0/0 %ﬁd’r —I—/O 8T£T)d7 (7)
where ¢, is the time it takes for the FD interfaceto codl to the glasstransition temperature, 7,
and ¢, is taken as t.(7'(7)) during the integration. The first term can be written explicitly
because it does not depend on temperature (i.e., t). Eq. (7) is the anayticd (infinitesimal)
version d Bastien and Gill espi€'s extension and evaluates to the standard isothermal expresson
when T is constant.

Method

Applicaion d Eq. (7) to the fiber-to-fiber interfacebondng processduring FD requires
seledion d areadion ader value: m, estimates for the model parameters. Ry, ¢g, k and WLF
parameters: T, and ¢ (Ts), and the interface temperature history, T'(¢), during FD fabrication.
We determine values for K., Ry, ¢o, k, Ty, and i, (T) for m = 1,2, and 3 using experimental
interfacefradure toughnessvalues from FD-ABS spedmens fabricated at various extrusion and
envelope temperatures, 77, and T, with and withou post fabricaion anneding treament. The
interfacetemperature histories are obtained using an analyticd hea transfer analysis of the FD
process These temperature histories are integrated in Eq. (7) and the results used in a noninea
regresson analysis to oltain the model parameter estimates. Interfacetoughness predictions for
any FD processare then passble given the interfacetemperature history.

A 2-D transient hea transfer analysis of a single-road-width FD solidificaion processis
performed. The anaysis is smplified by assuming the roads are redangular in shape and
verticaly stadked with four fibers forming the base (Figure 2). The road width, 177, istaken to be
0.504mm, and the road height, i, 0.25mm. The governing equation, expresed using the
normali zed temperature T* = (T — T ) /TE, isgiven by:

9*T* 9T+ 1 07T™
+ = — (8)
Ox? Oy? a? Ot
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with boundry andinitial condtions:

oT (=W /2,9.t) _ * oT* (z,5H t) h s oT (W /2, t) h px
oz . kT gy ET oz . ET (9)
T*(x,AH < y < 5H,0) =T} T*(x,0 < y < 4I,0) = 0

The egenfunction expansion solution, averaged owver the width, is given by:

2T; G R AN
Tove(w,y,1) = Tg + —EZ Z( sin(Amy) cos (%) > e~ OntAY  (10)

m=1 n=1

where the various terms are defined in the Appendix Material properties taken for the ABS are;
k= 01772 Cp = 2080 2; p = 1050 £4, and a convedion coefficient: 1 = 30 ¥ based
on retural convedlon from a flat horlzontal plate. Numericd values are omputed in Maple
using 15-digit caculations. The dgorithm and cdculations are verified by comparing with an
independent 1-D transient solution oldained using Laplacetransforms.

The influence of the number of base fibers in the stadk, N =1, 2, 4, and 10; the
conwedion coefficient, h = 5, 30, and 100; and the number of terms needed in the expansion, m
& n = 10, 50, 100, and 250 have dl been determined. Esentialy identicd interfacetemperature
histories are obtained for N > 2. Slightly longer cooling times occur as h deaeases, and the
difference between the ceiter (xr = 0) and edge (zr = £ /2) temperatures increases as h
increases. Accuragy of the interface temperature & short times ¢ ~ 107* sec requires m &
n > 100in the solution expansion dte to the oscill atory Gibbs effed. Whil e this may seam large
(100? terms in the expansion), the cmmputations are quick and acarrate in Maple.

A Stratasys FDM 1600 was used to make fradure spedmens out of P400 aaylonitrile-
butadiene-styrene (ABS) plastic. Single-edge-notch fradure spedmens were made from single-
fiber width (0.508 mm nominal thicknesg square g/linders 50.8 x 50.8 x 58.4 mm fabricaed at
the processng temperatures hown in Table 1. A number of spedmens made with 7, = 270°C
and T = 70°C were anneded at 118, 125, and 134 £1°C from 1 minute to 8 hours to oltain
datafor the WLF parameters. Detail s of the experiments can be foundin references[3,4].

Extrusion Temperature, Tz, [°C ] 255 270 285
Envelope Temperatures, T [°C] | 50,60, 70 | 50,60,70 | 50,60, 70

Table 1. FD processng temperature used in the experimental interfacefradure study.

The fradure toughness tests on the aaneded spedmens were used to determine 7 and
too(Ts) in the WLF relationship. The data start from K = 1.88 M Pa,/m correspondng to FD
fabricaionat T, = 270°C and T = 70°C'. In Figure 3, it can be seen that the toughnesslevels-
out to 2.47 MPa\/E for the 134°C anned; this value is taken as K, the virgin P400 ABS

material toughness The toughnessincreases during anneding acarding to the ¢/# relationship:

K _ K 1/4
(%)
KOO tOO
The WLF parameter estimates are obtained by fitting a straight lines to the data in Figure
3, then extrapadating out-in-time to (K — Ky)/Ky = 1 where ¢ = ¢, for that particular anned
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temperature. A norlinea regresson analysis using the threet,, values provides estimates for 7,
and ¢ (Ty) .

The temperature-time related terms in Eq. (7) are numericdly integrated in doube-
predsion Fortran after least-squares fitting the interface temperature histories (7" -vs.-t) with
cubic splines. Series representations for the generalized hypergeometric functions are used in the
integration routine. The number of terms needed for acarrate representation o I depends on
the values of m and k. Fifteen terms provides an acarracy of 1% for & values lessthan: 0.7
(m =1),9.7 (m = 2),and 16 (m = 3) for ¢t = 8.3 sec (largest ¢, value).

Estimates for Rg, ¢, and k for m = 1, 2, and 3 were obtained by norlinea regresson o
the interfacefradure data (dependent variable) against the RHS of Eq. (7) using a Marquardt-
Levenberg algorithm in the PC program SigmaPlot.

Results

Figure 4 shows the width-averaged interface temperature histories for a variety of FD
processng condtions. Coding to the glass transition temperature takes from 1.74 to 15.9
seconds for the half and doulbe-sized FD roads respedively. The most influential fador in the
coding processappeasto be theroad crosssediona area

Figure 3 shows that the interface toughness values for the aineded speamens behave
accading to the (/4 relationship of Eq. (11). Figure 5 shows a scatter plot of ¢, values obtained
from the data in Figure 3 and the correspondng WLF relationship (Eq. (3)). The estimate for 77,
143°C =T, + 49°C, agrees very well with value recommended in reference[6].

Table 2, below, summarizes the results of the norlinea fitting of Eq. (7) to the
experimental interface toughness values. “All Data” refers to fitting using K values for
spedmens fabricaed at 77, = 255, 270, and 285°C' with T = 50, 60, and 70°C, while “270 &
285°C™ refers to fitting of K values for speamens fabricaed at 7, = 270 and 285°C' with
Tr = 50, 60,and 70°C.

All Data 270 & 285°C
m 1 2 3 1 2 3
do 0.143 | 0.551 | 0.685 | 0.426 | 0.608 | 0.764
o 1.395 | 0.304 | 0.150 | 0.023 | 0.073 | 0.022

Ry 0.807 | 0.724 | 0.697 | 1.000 | 0.950 | 0.756
OR, 0.329 | 0.111 | 0.069 | 0.122 | 0.147 | 0.040
k[1/sec] | 0.357 | 0.075 | 0.016 | 0.149 | 0.019 | 0.008
o 0.837 | 0.106 | 0.019 | 0.050 | 0.009 | 0.004
Rey 0.8082 | 0.8211 | 0.8237 | 0.9986 | 0.9962 | 0.9926
Oreg 0.0562 | 0.0545 | 0.0541 | 0.0035 | 0.0057 | 0.0079

Table 2: Nonlinea regressonresults. The ¢ quantiti es are standard error estimates. The 270 & 285°C/
m = 3 parameter values are used to make the K predictionsin Figure 6.

Figure 6 shows a scater plot of the predicted and experimental interface toughness
values. The predictions (solid and hdlow symbals) are made using the ¢q, Ry, and k& vaues
obtained from the “270 & 285°C” data and m = 3. The z's on the arves correspond to the
measured values. Note the discrepancy between the predicted and experimental toughnessvalues
at Ty, = 255°C.
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Discusson

The analyticd hed transfer model provides a quick and wseful method for investigating
the influence of various FD processng condtions on the interfacetemperature history. However,
limitations and approximations of the model shoud kept in mind. First, the model does not
acourt for hed transfer along the fiber axis. The nozzle speed duing extrusion is an important
fador in this resped. The 2-D model will be more accrate & the extrusion rate increases
because of the expeded deaease in temperature gradient along the fiber axis. The asumed road
geometry (redangular), and the value seleded for the wmnwvedion coefficient, h, also play an
important role in the acarracy of the cdculated temperature histories. Numericd modeling (e.g.,
finite dements) could be used to examine more redistic road geometries, bu the problem of
corredly modeling the mnwedive hea transfer condtions along the sides and top d the road
(i.e., spedficaion d h) remains. Fortunately, the influence of /. onthe temperature history is not
too large for the values of interest. Applicaion to multiple-road-width parts would require
corsideration d a new hea transfer problem with a cndwction boundry condtion on o side
of the fiber. This can easily be acomplished and will be examined in the future.

Table 2 shows that the bondng model fitsthe 77, = 270 & 285°C' data much better (e.g.,
Ryeq ~ 0.99-vs.-0.82). This, plus the norrandom nature of the residuals (K preq — Kegp), likely
indicaes the nead to include atemperature dependencein the rate wnstant, %, of the form:

k = kg eﬂcp( _;;T)> (12)

One oould assume that the adivation energy, A, isa onstant (i.e., a standard Arrhenius mode!),
or allow A to be temperature dependent. If A is constant or if its temperature dependencefoll ows
the same WLF relation as the aned data, then orly one parameter is added to the regresson
model. If the temperature dependence of A is otherwise unspedfied, then the analysisis gredely
complicaed becaise of the temperature-time integration.

Ancther posshility for the ladk of fit at T;, = 255°C' is a temperature dependent change
in microstructure that influences the bond strength. For example, coalescence and growth of the
butadiene rubber particle size & the higher extrusion temperatures would presumably lead to
lower bond strengths. This passhility is currently being explored by micrographic examination
of FD-ABS material extruded at various extrusion and envel ope temperatures.

The seledion d an appropriate m value (1, 2, or 3) is not possble with the present data
The m = 2 and 3 models ®an to provide more reasonable Ry and ¢y values than m = 1. The
extent of wetting (i.e., ¢(¢,)) varies from 0.63 (71, = 255 and T = 50°C) to 0.77 (T, = 285
and Ty = 70°C) for m =1 to approximately 1.0 for al extrusion and envelope temperatures
with m = 2 and 3. Fradography of the toughness pedmens does not show any visible signs of
voidsin the surface Fortunately, these models (m = 1, 2, and 3) exhibit large differencesin their
toughness predictions for different sized spedmens. Comparison between the predicted and
experimental values can be used as a definitive test of the diff erent models.

Closure
A wetting-diffusion model for FD-ABS bondng has been presented. A number of issues
regarding the gproximations made in applying the model, appropriate parameter functional
forms, and determination d the parameter values have been raised. The aility of the model to
predict interfacetoughnessvalues requires further investigation bu promises to be very useful in
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guiding the sdledion d FD processng parameter values for maximizing strength and in the
development of mechanistic FD material strength models.

In quelitative terms, the model shows that fadors which prolong the fiber solidificaion
times lea to increases in the bondng strength. Doulling the road size had the largest effed,
increasing the bond strength to that of the virgin ABS material. Post fabricaion anneding aso
increases the bond strength, bu speamen warping due to the relaxation d residual stresses
would have to be aldressed. Raising the envelope temperature to 80°C' increases the predicted
bondstrength by ~ 5%. Thisis not possble with the FDM 1600, ba current Stratasys hardware
does all ow for higher envel ope temperatures.
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