
Rubber & Plastics News  •  May 20, 2019  17www.rubbernews.com

30 Winfield Street, P.O. Box 5150, Norwalk, CT 06856-5150 • 203-853-1400 • www.vanderbiltchemicals.com

SPECIAL REPORT Molded Goods
Advanced cure and rheology kinetics characterization

The manufacturing of elastomer prod-
ucts for large scale, high-throughput pro-
cesses and components often presents 
critical challenges that also could be 
found in the tooling and process design 
or manufacturability. 

In most cases, compression molding 
does not provide a reasonable technical 
and economic solution in high-through-
put processes, necessitating the consid-
eration of advanced manufacturing ini-
tiatives. Rubber component design and 

their tooling often is still driven by an-
ecdotal experience and trial and error 
processes, which can be tedious, itera-
tive, long and costly exercises.

Employing simulation tools in early 
phases of development can help optimize 
product manufacturability and perfor-
mance of products by using advanced 
manufacturing techniques such as injec-
tion and transfer molding, or additive 
manufacturing. New technology and prod-
uct development and major reformulation 
efforts can benefit from such simula-
tion-based or customized material models.

Prior to physically engaging in mold 
making and rubber manufacturing, by 
using such techniques both the part and 
the mold can be theoretically analyzed 
and modified during inception by run-
ning simulated design experiments. 

This approach not only provides en-
hancement of the product portfolio, but 
might also lead to cost savings through 
leaner processes, optimized processing 
times and reduced tolling and part in-

ventories. These design experiments 
also can preemptively solve issues of 
flow, air entrapment, scorching, weld 
lines and flow front instabilities.

Such work is often employed in the field 
of advanced plastics,1,2 but probably be-
cause of the complexity of developing rep-
resentative thermoset models, along with 
the uniqueness of various cross-linkers 
and their underlying reactions, the same 
approach has not proven to be very popu-
lar in most of the rubber industry.3

This paper details the need for and the 
path to develop custom data-fitted models 
that represent the unique flow and cure 
behavior associated with high-tempera-
ture-rated elastomers. It also describes 
the resultant differentiation created by 
the use of custom models as compared to 
that of a stock model available with com-
puter-aided engineering tool software.

Experimental 
For crosslinkable materials (e.g., most 

elastomer compounds), the measure-
ments of curing rate, compound viscosity, 
coefficient of thermal expansion, PVT 
diagrams, etc., are needed to run a simu-

lation. Therefore, a differential scanning 
calorimeter and a rubber process analyz-
er are employed to characterize the rub-
ber material to obtain appropriate curing 
reaction and viscosity models, respective-
ly. Data generated from this necessary 
testing can then be used to create ma-
chine-readable model parameters to 
simulate the injection and/or transfer 
molding process.

In this study, commercially available 
FFKM rubber was used to formulate a 
proprietary compound with specific de-
sirable characteristics using common 
rubber chemicals. The compound is 
available in Greene Tweed’s commercial 
portfolio and identified as No. 772. 

Thermal Properties 
Cure kinetics: Discovery DSC from TA 

Instruments was used to report the values 
of degree of cure as a function of time, us-
ing both isothermal and temperature 
ramp-based DSC data, within the range 
of 0 to 100 percent cure.4

Specific heat: To evaluate the specific 
heat of reaction, non-isothermal DSC 
scans are made at fixed heating rates 
within the processing temperature range. 
However, isothermal runs using the 
MDSC were found to be more represen-
tative and stable for use during simula-
tion and modeling. 

Reactive viscosity: An Alpha 2000 

RPA rheometer was used to determine 
the flow curves of the rubber compound 
at different temperatures. In particular, 
multi-frequency and multi-temperature 
experiments are performed to create a 
data matrix that envelops most of the 
anticipated process window.

Tensile properties: O-ring samples were 
used as tensile specimens and tests were 
performed in accordance with ASTM D 
412-98 on a universal testing machine at a 
cross-head speed of 500 mm/min at 25°C ± 
2°C. The average of three tests has been 
used for purposes of simulation. 

Miscellaneous: Thermal conductivity 
data were generated using a heat flow 
meter in accordance with ASTM C518. 
PvT behavior was determined on both 
uncured and cured compounds using 
apparatus developed by Rapra Technolo-
gy Ltd. Autodesk’s Insight module of the 
Moldflow 6.2 CAE software was used to 
simulate. Mold designs were specifically 
created to re-create typical multi-cavity, 
off-the-shelf O-ring molds to suit injec-
tion molding equipment.

Results and discussion
As discussed in the preceding sections, 

thermal characterization through DSC is 
necessary to replicate the cure patterns 
across the process window. Fig. 1 shows 
one such thermal analysis, focusing on 
the region of the heat flow curve that cor-
responds to the cure reaction. The deriva-
tive curves shown in the dotted lines are 
used to further determine the change in 
extent of cure with time and temperature.

These data are fed into phenomeno-
logical models, such as the Kamal-Sou-
rour5 model to extract software-readable 
coefficients. 

The reversing heat capacity signal 
from a calibrated MDSC run can be 
used to evaluate the specific heat of re-
action. It can be measured at specific 
temperature(s) or over a range of tem-
peratures by carefully controlling the 
modulation amplitude, period, and aver-

Executive summary
Tooling and molding of automated processes such as transfer molding benefit 

greatly from flow and cure simulation-based computer-aided engineering, par-
ticularly for costly, high-temperature elastomers. This paper demonstrates ad-
vanced analytical rubber characterization techniques and mathematical mod-
eling that drive custom simulation for elastomer manufacturing.

A differential scanning calorimeter and a rubber process analyzer/rheometer 
were employed to characterize the rubber material to obtain appropriate curing 
reaction and viscosity models, respectively. Significant differences in mold fill, 
cure and warpage were observed from custom and formulation-specific models.

Such a customized modeling approach can eliminate inaccuracies emanating 
from the use of a free, generic, library-based data fitment approach, resulting 
in cost and yield benefits in formulation and process development stages.
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Fig. 1: Cure kinetics as determined from DSC.

Fig. 2: Modulated DSC plots from isothermal runs for evaluation of specific heat.
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age heating rate (Fig. 2).
Fig. 3 reports data generated through 

an RPA to facilitate the determination 
of the reaction viscosity fingerprint of 
the custom fluoroelastomer compound.

Create a knowledge-based path to 
evaluate, document and simulate elasto-
mer cure and flow behavior through 
advanced thermos-rheological experi-
mentation.6 Data generated across dif-
ferent temperatures and frequencies at 
specific strain rates are incorporated 
into a modified cross-WLF model to de-
termine flow coefficients that fit into the 
CAE platform. Fig. 3 shows one such set 
of representative curves. 

In addition to DSC and rheology, one 
needs to determine thermal conductivity, 
expansion coefficients and certain me-
chanical properties (including PVT char-
acteristics), as shown in Fig. 4 to deter-
mine warpage patterns, weld line 

formation and migration through simula-
tive process. 

Various machine-readable model pa-
rameters are generated through data-fit-
ting into phenomenological polymer models 
through the process of development of ad-
vanced thermos-mechanical-rheological 
characterization techniques. Fig. 5 is the 
most simplistic illustration of the implica-
tion of these custom tests and model gener-
ation. It shows the mold-fill dynamics 
when using the custom high-temperature 
perfluoroelastomer compound.

Fig. 5(a) suggests it will take three 
seconds to fill the entire mold, using the 
free and generic perf luoroelastomer 
material model, whereas Fig. 5(b) clear-
ly demonstrates that our custom materi-
al would need much longer time to suc-
cessfully fill all the cavities of the mold. 
Therefore, if one were to design a process 
to fill the shown 56-cavity O-ring mold 
using the free, but generic fluoroelasto-
mer model from the library, one would 
underestimate the time required to fill 
the mold by more than 50 percent.

This could lead to failed parts, a high 
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Fig. 3: Reactive viscosity trends as illustrated by multi-frequency and multi-tem-
perature RPA runs.

Fig. 4: Pressure-volume-temperature data for the cured elastomer.

Fig. 5: Flow simulation of 56 cavity molds filled using injection molding (a) using 
free, library, and (b) custom material model.

percentage of rejects in actual produc-
tion, loss of costly compounds in actual 
production and possibly lead to errone-
ous business models as underestimation 
of cycle time would lead to incorrect 
throughput values.

We were also able to demonstrate the 
difference in warpage behavior and weld 
line generation resulting from the use of 
the generic and non-representative ma-
terial models for simulation.

Conclusions
It was demonstrated that novel ther-

mo-rheological capabilities are often re-
quired to be built to elevate in-house capa-
bilities to support custom compound-based 
simulation of flow and cure dynamics. 
These capabilities can be built if there is 
access to analytical tools for rheological 
and thermal analysis. Such custom mate-
rial model-based simulation was shown to 
generate enormous differentiation, com-
pared to efforts using free generic models, 
particularly for trickier formulations. 

This information can be used to refine 
the process and tooling to suit the spe-
cific requirements of the compound and 
the part. Once refined and validated, 
such internally developed, custom mod-
els also can facilitate faster new com-
pound development, reformulation and 
production processes.

Apart from shortening a product or a 
part development life cycle and cost, it also 
can reduce tooling expenses by limiting 
the physical iterative process. These can 
be used to make judicious manufacturing 

choices not only for injection molding, but 
also for transfer and compression molding, 
and additive manufacturing.

These CAE and simulated molding ef-
forts can mitigate part rejections in pro-
duction by helping determine root-causes. 
Future work would involve combining 
modeling and thermodynamic compo-
nents of CAE along with process control 
in molding, studies on other families of 
compounds and development of polymer 
physics-based math models tailored to 
those families of compounds.
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