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Abstract—We study a molecular dynamics model of a
polymer-polymer interface for a polyetherimide/polycarbonate
blend, including its thermodynamic properties, its chain rep-
tation, and its corresponding welding characteristics. The
strength of the sample is analyzed by measuring strain-stress
curves in simulations of uni-axial elongation. The work is
motivated by potential applications to 3D manufacturing in
space.
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I. Introduction

Understanding the properties of polymer-polymer in-
terfaces is a long-standing problem of fundamental and
technological importance [1]. In particular, basic proper-
ties such as reptation and entanglement determine the
welding dynamics and strength in fused deposition mod-
eling [2]. The atomistic structure of polymers substantially
influences these properties. However, earlier research was
mostly focused either on bulk properties [3] or on coarse-
grained models of interfaces [4].

Here we report the development and analysis of a fully
atomistic model of a polymer-polymer interface in a blend
of polyetherimide (PEI) polycarbonate (PC) representing
material ULTEM 9085, which us currently widely used
in aerospace applications. We use molecular dynamics
(MD) simulations to investigate the diffusion of polymer
chains at the interface and thus estimate the initial time
scales for reptation and welding. We assess the thermal
and mechanical properties of the blend in the presence
of a planar interface and characterise the strength of the
interface as a function of the welding time, using strain-
stress measurements in uni-axial elongation simulations.

The paper is organized as follows. First, we introduce
the model and discuss its validation in Sec. II. Next, in
Sec. III, we analyse the diffusion of chains at the interface.
The strength of the interface as a function of welding time
is discussed in Sec. IV. Finally, conclusions are drawn and
presented in Sec. V.

II. Model

We investigate blend composition consisting of 80% PEI
and 20% PC, which corresponds to the optimal miscibility
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Fig. 1. Two amorphous cells (grey and cyan) of PEI/PC polymer
blend are combined in one chemical sample across an atomically flat
interface.

of these polymers and is commonly used in ULTEM 9085.
Amorphous cells of these blends were prepared and relaxed
at temperature Ty = 600 K (or 650K) using the software
package J-OCTA [5] and the following procedure: (i)
equilibration in the microcanonical (NVE) ensemble; (ii)
compression in the isothermal-isobaric (NPT) ensemble
to a pressure P = 100 MPa; (iii) additional NVE equili-
bration; (iv) relaxation in the NPT thermostat; and (v)
elimination of the translational velocity in the canonical
(NVT) Andersen thermostat. Each step was computed
during 100 ps with a time step of 1 fs. The simulations
used software from LAMMPS [6] and GROMACS [7] as
well as from J-OCTA [5].

A nearly atomically flat boundary on each cell was
prepared using the Lennard-Jones potential, and the cells
were then brought together across this almost flat interface
as shown in Fig. 1. The total size of the sample was
41328 atoms, 96 PEI chains and 48 PC chains, with 5
repeating units in each chain. The welding process was
simulated during 240 ns at Tp = 600 K and Py = 1 bar.
Fast quenching to 300 K was performed after 60 ns and
240 ns, in 12 steps of 25K and 2 ns, each using the NPT
ensemble. Additional thermal cycling between 600 K and
300 K was performed with time steps varying between 12
ns and 25 ns.

The resultant samples at different temperatures were
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Fig. 2. B(T) estimated fluctuations (red open diamonds) in com-
parison with experimental data obtained for ULTEM 1000 [8] (teal
circles). The inset shows the temperature dependence of the density
p(T) obtained in MD calculations as compared to the experimental
data obtained for ULTEM 1000 [8] (teal circles). The dashed lines
show linear fit to the low (green) and high (blue) temperature regions
of p(T). The glass transition temperatures corresponding to the
intersections of the straight lines are shown by arrows.

used to estimate the properties of the PEI/PC blend. The
results of the simulations were compared to experimental
data available online for pure polyetherimide ULTEM
1000 [8]. Here we provide two examples of such a compari-
son, as shown in Fig. 2, further details are available in [9].
The first example shows the results of the bulk modulus
(B) simulations in comparison with experimental data.
The MD results were obtained using the fluctuational
formula B =V (0%,) /kpT, where V is the volume, o is
its variance, and kg is the Boltzmann constant. The ex-
perimental data for B were estimated using measurements
of Young’s modulus F and the equation B = E/3(1—2v),
taking a nominal value of Poisson’s ratio v = 0.36. The
comparison is only available for temperatures below the
glass transition temperature T, ~ 475 K. The MD results
are in reasonable agreement with the experimental data.
In the second example, the density p from the MD
simulations is compared to the experimental data as a
function of temperature, as shown in the inset of Fig. 2. As
obtained from the MD simulations, p is ~ 15 % less than in
the experiments, which is within acceptable accuracy for
MD predictions [10]. In addition, as shown in the figure,
the intersection of the straight line sections of p(T") below
and above the glass transition allows one to estimate Tj,.
The values of T, obtained in MD and experiment are 451
K and 485 K (ULTEM 1000) respectively. Note, that the
experimental value of T,; provided by StratSys for ULTEM
9085 [11] is 459. K, which is closer to our estimate.
Similar results were obtained for the MD estimates of
the thermal expansion coefficient [9]. Reasonable agree-
ment with experimental data was found for temperatures
below Tj;. Above Ty, experimental data were not available.
Overall, we can conclude that MD simulations of the

PEI/PC blends provide results consistent with experi-
mental observations. We now consider the results of the
welding analysis in these samples.

III. Interface diffusion

The diffusion at an interface is the key process that
defines strength of the manufacturing parts [1]. To provide
atomistic insight into diffusion dynamics we analyzed
reptation in two samples. The first sample was as described
in the Sec. II. The second sample was larger and had longer
chains: 130 PEI chains each 6 monomer units long and 50
PC chains each 8 monomer long. The total size of this
sample was 67912 atoms. The sample was equilibrated
using method described in Sec. II at temperature 650 K.
The reptation dynamics was qualitatively similar in both
samples. Here we describe some results of the analysis
performed for the larger sample.

An example of the analysis of chain reptation at the
interface for this sample is shown in Fig. 3 for welding at
T =650 K.

The motion of the semiflexible chains on a time scale
of our simulations ~300 ns occurs via reptation when
the chain remains within a “tube” determined by the
intersections with neighboring chains, and the end of
the chain moves slowly across the interface in a random
fashion. A snapshot of this motion is shown in the inset
of Fig. 3 after ~40 ns of welding. The interface is shown
by the transparent blue plane, the atomic structure of
the chain is shown by thin gray lines, and the core of
the chain is shown by the blue solid line. The gray dots
show the locations of the chains that constrain motion of
a given chain and shape its reptation “tube” within 10
A radius of the core. The coarse-grained sub-units of the
chain crossing the interface are shown by red dots. Note
that initially all sub-units of this chain were on one side
of the sample.

The simulations reveal a few time scales of reptation
during 300 ns of welding. The first time scale of ~50
ps corresponds to the so-called “wetting” process when
the two surfaces quickly come close to each other [12]
attracted by electrostatic and van der Waals forces. Next,
we observed a fast diffusion of polymer chains on a time
scale of ~20 ns while the density of atoms at the interface
was rising rapidly towards its bulk value. We attribute fast
diffusion to the initial existence of relatively “free” chain
ends and “vacancies” on the both sides of the interface.
Finally, we observed a slow diffusion of the chains across
the interface into the bulk of the sample on the other side,
cf. [13].

The profiles of the atomic densities on the two sides
of the interface, corresponding to these time scales, are
shown in Fig. 3. It can be seen from the figure that the
two samples are initially well separated, with the half-
width of the gap at half bulk density ~5A. After ~0.5 ns
the density at the interface has nearly reached its bulk
value. After another 40 ns the density profiles stay almost
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Fig. 3. Atom density profiles of the polymers on both sides of the
interface: (i) initial (black solid lines); (ii) at ~0.5 ns (blue dashed
lines); (iii) at ~40 ns (red dashed lines). The inset shows example of
a single chain reptation at the interface.

the same with only the tails of the distributions extending
to the other side by nearly 20 A.

This extension of the distributions tails has a profound
effect on the strength of the interface. Indeed, according
to Wool [14] the full strength is obtained when the
two polymers filaments are interdiffused at the distance
equal to 81% of the radius of gyration (R,). Note, that
for PEI/PC blends the interfacial strength is mainly
determined by interdiffusion of the PEI chains. The radius
of gyration in z-direction estimated in our simulations for
PEI chain was R,. ~18 A and for PC chain Ry, ~7.5
A. This corresponds to the maximum extension of PEI
chains ~50 A and for PC chains ~25 A.

Therefore, we expect complete healing of the interface
when maximum extension of the chains in z-direction is
~40 A. We observe, however, a substantial slowing down
of the tails extension beyond 20A. This slowing down is
attributed to the structure of the blend samples that has
20% of PC and 80% of PEI chains. PC chains being smaller
and more flexible diffuse much faster towards the interface
while it takes more time to equilibrate for stiffer and longer
PEI chains.

The two different time scales for interdiffusion of PEI
and PC chains were directly observed in simulations
by following in time the distributions of the center of
masses (CMs) of individual chains. It was found that the
CMs distribution of PC chains bridges initial gap at the
interface and becomes nearly uniform at the time scale
of the order of 200 ns. The CMs distribution of the PEI
chains tends towards equilibrium but remains nonuniform
with the gap at the interface up to 300 ns.

We conclude that in our simulations the strength of
the interface is approaching the bulk value as a function
of time but the curing process remains incomplete. The
interface strength on the time scale of simulations will be
mainly determined by the interdiffusion of PC chains and
will be lower than the one expected for polyetherimide.

We now provide the details of the MD estimations of the
sample strength as a function of welding time.

IV. Interface strength

To test the interface strength as a function of welding
time, we performed uni-axial elongation of the samples
at constant rate in the z-axis direction using the scenario
developed by J-OCTA [5]. During deformation, the sam-
ple eventually breaks at the interface. The breaking-up
process involves stretching the chains and pulling them
out of the bulk of the sample. This requires work against
molecular forces that brings about large stress. In addition,
the separation process requires the “wetting” potential
barrier related to the non-bonding interaction energy
between the two samples to be overcome. The thinner
the welded layer, the smaller is the strain at which the
corresponding increase of stress is expected to be reached
during the elongation process.

The stress-strain curves obtained in the elongation
simulations for three different welding times are compared
with the experimental curve in Fig. 4. For the smallest
welding time (60 ns) the deviation from the experimental
curve is the largest, and it is already evident at small
strains of ~0.025 cm/cm. For the thicker welded layer
obtained after quenching at 240 ns, the Young’s modulus
estimated in the MD simulations is approaching the value
measured in the experiment. But the shape of the strain-
stress curve still deviates strongly from the experimental
curve for strains larger than 0.075 cm/cm.
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Fig. 4. MD simulations of the strain-stress curves as a function of
welding time: (i) 60 ns (diamonds); (ii) 240 ns squares; and (iii)
after additional welding during temperature cycling (1200 ns). The
experimental data obtained by ULTEM 1000 [8] are shown by teal
shaded circles.

The largest thickness of the welding layer was obtained
after additional thermal cycling of the sample during
~ 600 ns (i.e. a total welding time ~1200 ns (time
spent above Ty ~400 ns). It can be seen from the figure
that the corresponding strain-stress curve approaches the
expected shape (blue triangles). The stress at the yield



point obtained in MD simulations for PEI/PC blends is
lower than the yield stress observed in the experiment for
pure polyetherimide (ULTEM 1000). The results deviate
from the experimental stress-strain curve for strains larger
than 0.1 cm/cm, as expected: see the discussion above.

The value of the Young’s modulus obtained in MD
simulations

E~2GPa

is slightly smaller than the value 2 - 2.5 GPa estimated
using open data source [11]. We note, however, that the
obtained value of Young’s modulus is in good agreement
with the data reported for ULTEM 1000 [8] shown in the
figure by open teal circles.

V. Conclusions

In summary, we have developed a fully atomistic molec-
ular dynamics model of the polyetherimide/polycarbonate
amorphous polymer blends. Two cells were brought to-
gether to form a sample with an atomically nearly flat
interface and were allowed to equilibrate for 240 ns. The
sample was quickly quenched to 300 K after 60 and 240
ns of welding at the interface. Additional thermal cycling
between 300 and 600 K was performed after quenching at
240 ns.

The model was validated by comparison of the MD
predictions with experimental data for the density, glass
transition temperature, bulk modulus, and thermal expan-
sion coefficient below T, (where experimental data were
available).

The model was used to analyze diffusion of the polymer
chains at the interface during the welding process and to
estimate the interface strength as a function of welding
time. It was shown that, after the initial “wetting” process,
the diffusion take place via snakelike motion of the poly-
mer chains. Two characteristic time scales were observed
during the first 300 ns of welding: (i) fast diffusion (¢ <
20 ns) when chain’s ends can diffuse by filling in vacancies
on both sides of the interface; and (ii) slow diffusion (¢t <
300 ns) when chain’s ends slowly diffuse through the bulk
material on both sides of the interface.

The analysis of the strain-stress curves as a function
of time demonstrated that this slow diffusion has a
profound effect on the strength of the interface. It was
shown that, after 60 ns of welding, the MD simulations
yield a strain-strain curve that deviates significantly from
the experimental one. But it gradually approaches the
expected shape after additional thermal cycling for total
welding time ~1200 ns (time spend above T, ~400 ns).

Overall, the good agreement of the developed model
with experimental data paves the way to semi-quantitative
predictions of the interface properties of the polymer
blends considered.
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