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and 
L. A. Domeier 

Polymer and Electro-Chemical Technologies Department 
Sandia National Laboratories/Califomia 

ABSTRACT 

The IMPReS (Integrated Modeling and Processing of Resin-based Structures) Program 
was funded in FY 95 to consolidate, evaluate and enhance Sandia's capabilities in the design and 
fabrication of composite structures. A key driver of this and related programs was the need for 
more agile product development processes and for model based design and fabrication tools across 
all of Sandia's material technologies. A team of polymer, composite and modeling personnel was 
assembled to benchmark Sandia's existing expertise in this area relative to industrial and academic 
programs and to initiate the tasks required to meet Sandia's future needs. RTM (Resin Transfer 
Molding) was selected as the focus composite fabrication technology due to its versatility and 
growing use in industry. Modeling efforts focused on the prediction of composite mechanical 
properties and failure/damage mechanisms and also on the uncured resin flow processes typical of 
RTM. Appropriate molds and test composites were fabricated and model validation studies begun. 

This report summarizes and archives the modeling and fabrication studies carried out under 
IMPReS and evaluates the status of composite technology within Sandia. It should provide a 
complete and convenient baseline for future composite technology efforts within Sandia. 
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COMPOSITE FABRICATION VIA 
RESIN TRANSFER MOLDING TECHNOLOGY 

Introduction 
This report summarizes the experimental and computer modeling results of a team of 

individuals working under the W R e S  (Integrated Modeling and Processing of Resin-based 
Structures) program. The goal of that program was to begin providing a comprehensive capability 
within Sandia for the agile design and production of fiber reinforced composite structures. While 
funding was obtained for only one of the three years planned, significant progress was made 
which both enhanced and clarified Sandia's expertise in these areas. 

The W R e S  program was initiated in FY 95 to add the 'Ismart" design and manufacturing 
of polymeric materials to the suite of similar emerging smart material processing programs within 
Sandia. The need to provide more rapid and reliable part fabrication technologies has been the 
driver behind this and related metal fabrication programs such as FASTCAST and SMARTWELD. 
These modelknowledge based tools are expected to be available to component designers as they 
seek to realize finished parts with greatly reduced cycle times relative to a traditional and time 
consuming regimen of "design -+ fabrication -+ test -+ re-design". 

With total f ist  year funding of $700K from the DP-directed Enabling Processes program, 
W R e S  coordinated a multi-disciplinary effort in the fabrication, testing, process flow modeling, 
and mechanical property and composite failure modeling of components fabricated by RTM (Resin 
Transfer Molding). The intent was to begin the evaluation, refinement and implementation of 
model based design and processing tools for use in future DP composite applications. 

Resin Transfer Molding (RTM) is a composite fabrication technology whereby net or near- 
net shape parts of relatively complex geometry with high (160%) carbon, glass or synthetic fiber 
reinforcement loadings can be made. An appropriate fiber preform (woven, sprayed or layered) is 
placed within a mold followed by injection of a liquid resin to infiltrate the preform and fii the 
mold. The assembly is then cured at the required time and temperature schedule and demolded. 
Equipment for this process is in place at SandidCA. Advantages of RTM over other molding 
processes and over prepreg hand lay-up include the ability to fabricate more complex shapes, part 
consolidation, low personnel exposure to toxic resin components, relatively low injection 
pressures, and the potential for process automation (preform insertion, resin injection, part removal 
after cure). 

automotive and aerospace industries. Industrial participants at recent NIST workshops also 
RTM is becoming the favored method for fabricating many reinforced parts in the 
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identified RTM as the composite technology most strategically important to national security and 
economic competitiveness. 

Center for Composite Materials at the University of Delaware, composite research at Michigan 
State University, Florida State University, Cerritos College, and the Design and Manufacturing 
Institute at the Stevens Institute of Technology). Most of these programs, like the Sandia IMpReS 
program, are concerned with the development and implementation of validated design and process 
tools which can reduce costs, improve development cycle times and increase final part reliability. 

Industrial interest in RTM is strong and extends to research programs in academia (i.e. the 

Program Outline 
As noted above, the components of the W R e S  program specifically included: 
1. Flow Models. Modeling of resin flow front behavior utilizing various commercial and 

Sandia-based computer codes and an evaluation of the strengths and weaknesses of those codes. 
2. Composite Performance Models. Modeling predictions of fabric preform 

micromechanical structures and properties, cured composite mechanical properties, and failure 
mechanisms including evaluations of the state of the art in commercial and academic codes. 

3. RTM Processing Infrastructure. RTM equipment, molds and materials acquisition and 
demonstrations of component fabrication. 

4. Model Validation Experiments. Mechanical property test data on flat panel parts with 
different reinforcements and photographic evaluation of fill patterns using molds with windows. 

5. Sandia Composite Capabilities. A critical evaluation of Sandia capabilities relative to 
identified academichndustrial concerns known to have expertise in the area of concurrent 
engineering of fiber-reinforced composites. 

in the attached appendices. 
Program accomplishments in the above areas are briefly summarized below and are detailed 

Team Personnel 
Tom Bennett 
Steve Burchett 
Jim Costa 
Linda Domeier 
Tommy Guess 
Greg Jamison 
R e b a  Rao 
Cliff Renschler 
Ann Marie Sastry 

CA 
NM 
CA 
CA 
NM 
NM 
NM 
NM 
NM 

composite fabrication 
coordination of modeling efforts 
program initiation and management 
program management and resin selection 
composite testing 
program management and resin selection 
flow modeling 
program initiation and planning 
composite performance modeling 
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John Sayre NM program initiation and planning 
Jill Schwegel CA flow modeling 
Jay Spingarn CA composite fabrication 
Khanh Trinh CA composite performance modeling 
Midway through the program Ann Marie Sastry left Sandia for a faculty position at the 

University of Michigan. She continued her portion of the program under contract there. 

Initial Program Definition (details in Appendix A) 

group of managers and technical staff during the start-up phase of the program. A series of view 
graphs collected in Appendix A summarize those criteria and also the initial set of expected 
deliverables. Those deliverables evolved during the course of the FY95 program as the tasks and 
the scope of the effort became more focused and more technically specific. 

Many of the drivers and constraints which defined lMPReS were developed by a small 

Flow and Performance Model Overview (details in Appendix B) 
RTM composite fabrication, like many polymer fabrication processes, is a complex blend 

of many simultaneous flow, heat transfer and cure processes. Issues such as reinforcement 
selection, fiber treatments and wetting, void formation, proper mold design for resin injection and 
venting, resin selection and rheology, cure conditions, and others all require knowledgeable 
consideration if the final component is to have the desired performance. An overview (see 
Appendix B) of the multiple modeling issues and interactions which would need to be addressed 
was assembled by Steve Burchett. Some of the models required for complete characterization of 
the composite fabrication process and prediction of the final composite mechanical performance 
have been or are being addressed by other Sandia programs. 

Three areas were selected for modeling evaluation within the IMPReS program: 
flow modeling of a resin front into a mold 
mechanical performance modeling 
failure modeling 

Flow Model Evaluation (details in Appendix C) 
Four flow modeling codes were evaluated under IMPReS after surveying those available. 

As yet, neither these or any other codes provide the desired balance of sophistication and ease of 
use. The codes now used within Sandia, however, may offer the greatest overall potential for 
meaningful RTM modeling. A summary evaluation is given in the Table below. 



Two mold designs were used for the flow modeling and experimental validation efforts. 
One was a simple flat panel and the other was a box construction with both flat and curved faces, 
Fixed resin viscosities were used to simplify the model and eliminate the need for heat transfer and 
cure kinetics in these initial evaluations. The flow front at different fill percentages was to be 
compared using the chosen models as well as experimental runs. An evaluation of the different 
code features and formalisms was also made. 

Actual fill profiles were obtained from two of the models, ProMOLDESIGN and FIDAP. 
Both codes gave similar fill patterns in the 2D mode and also agreed well with the experimentally 
observed fill pattern in a glass-faced mold. 

Flow Model 
ProMOLDESIGN 

C-Mold (C-Set) 

c 

Source 
ProEngineer 

AC Technology 
(Louisville, 

Fluid Dynamics 
International 

GOMA Sandia National 

2 vs. 3D 
2D 

2.5D 

3D 

2-3D 

Comments 
Simple, especially suited for mold injection port 
and vent placement design. Can not include 
reinforcement in model or more sophisticated 
meshing or other experimental parameters. 
Complicated resin parameter input requiring vendor 
pre-processing. Not yet ready for "prime-time! I t  

No flow modeling yet completed due to program 
deficiencies. Based on Brinkman equations. 
Modeling carried out on flat panel mesh. Capable 
of incorporating injection pressure, preform 
porosity and other features. Based on 
Forchheimer-Brinkman equations. Probably the 
most versatile code for further evaluations. 
Only code with the potential to model residvoid 
interface and formation. No flow modeling yet 
completed and requires further customizing. 

ProMOLDESIGN is a supplement to the ProE system and well suited to evaluating mold 
designs and the flow of resins through an empty (no reinforcement preform) mold. Adjustable 
placement of the resin injection and venting ports to minimize air entrapment was readily 
accommodated by this code. No parameters such as resin viscosity or density or fill time are used. 

thermoplastics covered under the original C-Mold) and was found to be far more preliminary in 
nature than stated by the vendor. Significant refinements are needed as even inputting simple, 
constant viscosity thermoset resin parameters was virtually impossible. 

The C-Set module of C-Mold is designed to handle thermoset polymers (in addition to the 
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F'JDAP is a commercial fluid dynamics code which has been modified and which can 
simulate filling of either empty or preform filled molds. In addition it has the capability of 
incorporating heat transfer, preform permeability, resin viscosity and cure kinetics, and other 
features of interest in an RTM process. Both 2D and 3D simulations were carried out and indicated 
that the lower permeability in the fiber preform in the 2 direction would result in different flow 
characteristics at the front and back mold faces, a feature sometimes noted in actual injections 
depending on the placement of the injection port.. Resin viscosity and preform permeability 
changes in the model affected the predicted injection pressure, but did not greatly affect the 
predicted flow path. Simulations were carried out on the flat panel only and used the meshing 
tools available in FIDAP. The 3D mesh developed for the box mold could not be imported into 
FIDAP, an unexpected difficulty, and that particular problem is being addressed. 

one capable of including the compression and flow of air during the RTM filling process. This 
might improve the ability to predict trapped air and void inclusions in the final product. A code 
error at the time of these modeling evaluations prevented the use of GOMA. That problem has 
since been eliminated and some preliminary GOMA calculations have been carried out. The 2-D 
results looked very similar to those from F'JDAP. 

GOMA is probably the most general and sophisticated of the codes evaluated and the only 

Composite Model Evaluation - Mechanical Performance (details in Appendix D) 
A very detailed literature search and evaluation of methods used to model fabric preforms 

and final composite properties was carried out as reported in Appendix D. While no unified design 
"tool" exists to optimize preform design and processing parameters (plus resin selection) to provide 
predictable final composite performance, there exists a great deal of prior art in selected areas, 
several of which are discussed. 

stitching. As such preforms are conformed to fit non-planar shapes such as cones or more 
complex geometries, there is distortion of the weave and variations in the reinforcement pattern at 
different points in the composite. Even in a planar conformation, woven fabrics are more 
constrained and interactive than unidirectional laminates, and begin to exceed the capabilities of 
simple rule-of-mixture and laminate theory calculations. 

encompass such fabric preform distortions and which also incorporate weave parameters into more 
sophisticated laminate and rule-of-mixture based mechanical models. Numerous studies have laid 
the groundwork in these areas although complete design tools including such features do not as yet 
exist. A survey of the area identified three major types of analytical models for fabric 
microstructures (mosaic model, crimp model and bridging model). The distortion of fabrics has 

A key feature of the RTM process is the use of fabric preforms, with and without 3D 

Meaningful predictions of the performance of RTM composites will require codes which 

11 



also been simulated, particularly in the draping of a fabric into a cone-shaped preform. Typically 
there is a compromise between drapability and reinforcement stiffness. Other preform fabrication 
techniques such as filament winding and layering have also been addressed. 

and flow process. Many facets of this problem such as microporous flow, wetting, wicking, 
thermal effects, etc. have been experimentally studied. Most models have taken a more simplified 
approach based on tensor permeabilities. 

Final composite performance predictions might also be affected by other factors, some of 
which are discussed in the appendix. 

Deformation of'the preform and void formation can also occur during the resin injection 

Composite Model Evaluation - Failure Mechanisms and Micromechanics (details 
in Appendix E) 

Understanding the failure response of a composite structure is generally critical to 
predicting its suitability for a given application. This performance is usually determined 
experimentally and modeling tools for such predictions are only beginning to find use in complex 
composite materials. The development of those tools within Sandia appears to be at the forefront 
of that technology. The work carried out in this area and described below was only partially 
supported by IMPReS and was carried out in collaboration with Stanford University. Some of 
these results have been presented and published in the Proceedings of ICCM-10 (August 1995). 
That paper and other details are included in Appendix E. 

being added 1. criteria to predict the onset of composite material failure 
2. degradation rules to simulate progressive damage up to failure 

Crack density in the resin matrix is a major parameter in the progressive damage model. Code 
modifications were required to overcome convergence problems which had previously limited such 
progressive failure modeling. A wide range of composite failure modes are being accommodated 
in the model and early predictive studies have been well validated by testing of composite coupons 
(made at Boeing via hand lay-up and autoclave cure). 

micromechanical models of potential use, and perhaps real industrial use, in predicting composite 
properties. Most such models were found to have limited use in composite structures due to the 
need for many difficult-to-measure parameters. A simple rule of mixtures often provides adequate 
ball-park values but tends to lose validity as the fiber volume increases. This approach clearly 
offers less predictive power than more complicated models which include fabric parameters 
(examined in more detail in the section above and in Appendix D). 

Building on the ABAQUS models already in wide use, two additional material features are 

In addition to the work on failure mechanisms, a brief survey was made of the 
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RTM Proce sing C pabilities at Sandi (details in Appendix F) 
Both large and small scale RTM equipment is available at Sandia/Wornia in the JMTL 

A semi-production Ashby-Cross 2500 PC-3 RTM machine was acquired from Sutherland 
facility. 

& Associates (Sun Valley, CA). This customized equipment is capable of handling two- 
component resins and features multi-point heat and pressure control, shot size control and 
programmable process control. 

(Indianapolis, IN) in 1995. This simpler equipment can more easily accommodate resin changes 
and is suitable for prototyping arid preliminary resin and process studies. It is basically a large, 
pressure operated syringe with a multi-gallon reservoir and attachments for mold evacuation. 
Similar, quick and small scale experiments have also been carried out using appropriate SEMCO 
tubes (i.e. pressurized caulking guns) and connectors. Use of such disposable equipment 
eliminates cleaning operations and allows very rapid process, reinforcement and resin evaluations. 

Pictures and brief descriptions of the above equipment are contained in Appendix E. 
A survey was also made of commercially available resins for use in RTM. A memo 

A smaller, one-pot laboratory RTM machine was acquired from RTM Systems, Inc. 

summarizing that information is contained in Appendix F and adequate quantities of the 
recommended resins were acquired for process and material studies. A different epoxy curing 
agent recommended by Sutherland & Associates was used in the flow and fabrication experiments 
to date and is detailed in Appendix G. Two epoxy resins and two urethane resins were also 
submitted for characterization (with limited results) by AC Technologies, the supplier of the C- 
Mold software evaluated as one of the flow models. 

processing as well as the widely used unsaturated polyester/styrene resins seen in commercial 
applications such as boats and large household fixtures (such as bath and shower stalls). 

A growing variety of low viscosity epoxy and urethane resins are available for RTM 

Model Validation Experiments - Composite Performance (details in Appendix G) 
(Flow model validation experiments are shown in the Flow Model Evaluation appendix. 

Both flat panels and the more complex box structures were fabricated under a variety of conditions. 
In the case of the flat panel, a transparent window was included in one face of the mold to allow 
video tape monitoring of the injection process.) 

and the other an A-glass mat with isotropic fiber orientation, were fabricated for mechanical 
testing. Details of the composite fabrication process and test results are given in Appendix G. 

expected, and lower values in the 45" off-axis direction. Poisson's ratio in the off-axis direction 

Large flat panel composites with two reinforcement geometries, one a woven E-glass fabric 

Tensile properties in the fabric composite gave similar results in the B O "  axis directions, as 



was also about three times that observed in the axis directions. Agreement with calculated tensile 
values using a simple rule-of-mixtures and laminated plate theory approach was reasonable but also 
indicated that better agreement would require more sophisticated models incorporating details of the 
fabric construction and also more uniform fiber volumes in the test composites. Some of those 
more advanced models are discussed Appendix D. Tensile properties in the mat composite were 
lower overall but more uniform in the axis and off-axis directions as expected. No calculated 
values from models were available. 

General Bibliography (details in Appendix H) 

provided as references in Appendix H. Only articles from 1990 on have been included and this is 
not an exhaustive list. Additional references are provided in the reports in Appendices D and E. 

A number of these references address issues such as "smart" manufacturing of composites 
and indicate the broad activity in this area. 

A wide range of articles were acquired during the course of the IMPReS program which are 

Sandia Composite Capabilities and Conclusions 
Results from this one year effort indicate that Sandia has the potential (personnel and 

resources) to be at the forefront of modeling both the processing and pexformance of composite 
materials. Benchmarking evaluations of the available commercial and academic models found none 
with the full capabilities desired within the composites community. Contacts with industrial users 
verified this absence of broadly or easily applicable modeling capabilities 

Continued composite modeling efforts at Sandia, however, need to be tied to concurrent 
experimental programs in composite fabrication and model validation. Such an effort needs to be 
reliably funded and tied to real design A d  production programs. Justification for such efforts is 
currently difficult due to a lack of committed and long-term DP component customers. 

leverage the limited resources within Sandia in the composite area and is recommended as a method 
to enhance future composite programs. . A variety of contacts during the IMPReS program 
showed interest in potential academic collaborations with Florida State University, the University 
of North Carolina at Greensboro, Stevens Institute of Technology and potential industrial 
collaborations with Eaton Corporation and General Electric. Sandia has previously cooperated 
with Stanford University in composites research. 

experienced personnel and a sustained level of effort. These are not capabilities, either 
experimental or model based, that can be easily or quickly turned "on and off.", They are 
capabilities which are currently at risk within Sandia. 

Collaborative programs with one or more academic or industrial RTM programs might 

Technical expertise in RTM and any other composite technologies requires qualified and 
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APPENDIX A-INITIAL PROGRAM DEFINITION 

Charts provided by Jim Costa. 
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APPENDIX B-PROCESS AND PERFORMANCE MODEL OVERVIEW 

Charts provided by Steve Burchett. 
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date: September 9, 1995 

to: J. E. Costa, 8711, MS9402 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

from:. S. N. Burchett, 1517, MS0443 

subject: IMPReS Computational Modeling Plan 

The goal of IMl?ReS is to develop a computationally based virtual design and 
manufacturing environment for polymeric structural parts which will allow rapid 
realization of product. The computational objectives of this program is to: 1) develop a 
verified computational capability to predict the response of polymeric structural parts 
which are fabricated using resin transfer molding, 2) develop a verified computational 
capability to predict operating parameters for processing a reactive polymer system in a 
resin transfer molding operation, and 3) develop.,+e computational capability in a 
generalized form such that the capability could readily be applied to other polymeric 
processes such as encapsulation, injection molding, etc. The purpose of this memo is to 
define the computational statement of work for W R e S  for the current year. 

Figure 1 is a preliminary proposed computational flow model for polymer processing and 
IMPReS. Using this model I have tried to identify development activities that are required 
by lMPReS but not currently being addressed. Currently there are substantial ongoing 
activities which are necessary for W R e S  but are being funded by other programs. This 
flow model is an attempt to identify the big picture so that there wont be duplication of 
effort. For instance, the capability to automatically mesh a structure directly from a Pro- 
Engineer database is a substantial program being funded by several agile manufacturing 
programs. Based upon this model, I have identified three tasks which need to be addressed 
and fit within the budget requirements of IMPReS. 

TASK#l: Develop a verified capability to predict end product mechanical properties based 
upon selected resin systems and reinforcement. This task would also include defining the 
required characterization of the resin and reinforcement. I originally acquired the services 
of Ann Marie Sastry, 1518, to do this task, however, Ann Marie has accepted a position at 
the University of Michigan and will not be available. I am actively searching for a 
replacement. (0. lITE, $24K) 

TASK #2: Develop a verified failure model for structural polymeric parts. This failure 
model is to be used to evaluate end product designs before commitment to manufacture. I 
have acquired the services of Khanh Trinh, 8742, for this activity. (0.2ETE, $61K) 

I 
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J. E. Costa -2- September 9, '1995 

TASK #3: Evaluate the applicability of available fluid flow computational programs to 
adequately predict the fluid flow response during filing of a resin transfer mold and to 
evaluate various processing parameters. This activity also includes making contacts with 
MST to determine if joint activities in this area might be desirable. I have acquired the 
services of Rekha Rao, 1511, to perform this task. (0.2FI'E, $60K) 

JDisttibution: 
MS0841 1500 
MS0833 1503 
MS0827 151 1 
MS0443 1517 
MS0437 1518 
MS0437 1518 
MS0437 1518 
MS9401 8700 
MS9402 8742 
MS9402 8742 

P. J. Hommert 
J. H. Biffle 
R. R. Rao 
H. S. Morgan 
R. K. Thomas 
A. M. Sastry 
D. E. Reedy 
R. C. Wayne 
P. E. Nielan 
K. Trinh 

- ..,. 
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J. E, Costa -3- September 9,1995 
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APPENDIX C-FLOW MODEL EVALUATION 

Charts and text provided by 
Jill Schwegel (ProMOLDESIGN and C-Mold) 

and by Rekha Rao (FIDAP and GOMA. 
Experimental mold fdling pictures provided by Tom Bennett. 
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IMPReS: Overview of Flow Modeling 
Benchmark Study 
.-_I... - Engineering Sclences Center - 

OVERVIEW OF RTM CODES AVAILABLE AT SNL 

ProMODESIGN 

CSET 

FIDAP 

GOMA 

equations solved 

numerical methods used 

advanced capability of the codes 
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ProMOLDESIGN (ProEngineer) 
_._ - Engineering Sciences Center - 

Simple design tool which gives qualitative results 

point-and-click interface 

calculates front location based on conservation of volume 

no reinforcement is modeled 

no inflow velocity specified 

no detailed flow or pressure field are calculated 

No Advanced features 

/home/mao/docu menrs/impresAmpres-vug.fm 



CSET (CAE Engineering) 
"..._...... - 
More sophisticated simulation package targeted for RTM flow modeling. 
Black-box approach: details of how modelling is done are not given. 

"21/2-DSS Implementation of Brinkman Equations (neglecting inertia, Newto- 
nian viscosity) 

(E). u = -vp + pv2u 

V.(bu) = 0 

vl 
P Numerical Method 

finte element in space 
finite control volume to track free-surface location 

Advanced Capabilities 

energy equation 
extent of reaction 
in-plane anisotropy (no permeability tensor) 
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FIDAP( Fluid Dynamics International) ' 
- - Engineering Sciences Center - 
General purpose fluid modeling code 

Fully 3-D Implementation of Forchheimer-Brinkman Equations 

aP+V.(pu)  = 0 
at 

Numerical Method 

finite element in space, finite difference in time 
volume-of-fluid technique used to track free-surface location 

Advanced Capabilities 

energy equation 
extent of reaction 
true anisotropy (permeability tensor) 
non-Newtonian viscosity (dependent on extent of reaction, shear-rate, 
temperature ...) 
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Generic Preform and Resin Properties 
I_ - Engineering Sciences Center - 

Preform Properties ( A h ,  et aZ.) 

volume fraction 
0.3 3.2e-9 7.0e-9 7.0e-11 
0.4 
0.5 

Resin Properties 

viscosity = lOOcp, 200cp 

7 .Oe-10 
1.Oe-10 

density = 1 g/cm3 

injection rate = 37.5 mumin 

11/2/95 

9 .Oe- 1 0 
1.5e- 10 

1.1e-11 
2.0e-12 * 
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Initial Injection Pressure vs. Porosity: 
2D FIDAP Results 
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3D Results from FIDAP: 

11/2/95 

time = 94 s 
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3D Results from FIDAP: 4~- Sanaa RTM Processing of Flat Panel ($=.4, p=200cp) !@flP~ ~ - 2  Laboratories 
- -, Engineering Sciences Center - 

time=59ls 
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PROBLEMS IMPORTING P3 MESHES 

Steve Burchett was planning to mesh the curved panel mesh with 
inhouse mesh generation software 

PDA and FDI have been contacted (older versions of the codes sup- 
ported translation) 

We should have a workaround in the near-term 

home/mao/documentslimpreslimpres-vug.fm 



CONCLUSIONS 
_I_ Engineering Sciences Center - 

Anisotropic Preform Properties 

Initial Resin Flow in Flat Panel is Truly 3D 

2D and 3D Pressure are in Good $* Agreement 

3D Analysis is Expensive (7 &s for 1000 time steps on IBM SP2) 

I 

.‘c 

Experimental Validation Work Needed to Determine Importance of 3D 
Effects 

. 
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date: November 7,1995 

to: Distribution 

Sandia National Laboratories 
Albuquerque, New Mexlw 87185-0827 

from: R. R. Rao, MS 0826, Org. 9 11 1 

subject: mDAP and GOMA flow modeling for resin transfer molding processes 

Resin transfer molding (RTM) involves the high pressure injection of a thermosetting resin into a 
mold filled with a reinforcement. The resin infiltrates the porous reinforcement, making a high- 
strength, low-density composite part. A heat load is applied to the mold so that the material will cure 
as it flows. The physical process of interest is the displacement of one fluid (air) by the curing, 
temperature dependent resin in a porous material. The resin flows into the mold from the injection 
port, of which there can be more than one, and out through vents in the mold. The vents are placed 
strategically so that air pockets, which are defects, do not remain in the completed parts. Rough design 
calculation are often carried out to aid in placement of the vents. These can be done with simplified, 
easy to use software packages such as ProMOLDESIGN which does not include the porous web or 
the fluid material properties, but calculates the air pocket locations based on the part geometry. 

More complicated process models can be used to calculate the temperature distribution in the mold 
and the degree of cure of the resin. Process modeling tools are generally more difficult to use, but 
include more of the process physics than design tools. Process models can give information about the 
ulthate properties of the part, since temperature and degree of cure will be used to determine the 
residual stresses in the composite part. This in turn will lead to a prediction of the dimension stability 
of the part. The application of the heat load to the mold must be done carefully so that the resin can 
completely fill the mold without over curing and creating voids. This is another area in which detailed 
process modeling can be useful. Prediction of defects is required to allow dptimization of high-quality 
composite part production. Detailed modeling tools are also needed to predict phenomena such as 
race-tracking or interlayer flow when layered webs are used. 

Requirements for a code suitable for detailed process modeling include anisotropic and variable 
porous preform permeabilities, multiple dimensions, viscosity as a function of temperature and extent 
of reaction, multiple inflow and vent location etc. We would also like a code that is general purpose 
enough to be used for simple design calculations, but that can also be used for more complex process 
flow calculations. The code will need to calculate velocity, pressure, temperature and extent of 
reaction throughout the mold. 

A benchmark study has been undertaken to compare a commercially available code for resin transfer 
molding, FIDAP, with an in-house Sandia computer code, GOMA. This benchmark study is 
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performed in conjunction with Jill Schwegel(8714) who tested CSET, which is another 
commercially available software package. CSET is designed specifically for RTM applications and 
uses a two-and-one-half dimension implementation of the Brinkman equation. The Newtonian, 
inertialess porous flow equations are solved with a finite element method while a finite control 
volume is used to track the location of the free-surface [l]. 

Two benchmark problem geometries have been chosen: A flat panel mold and a bowl-shaped curved 
panel mold. These corresponded to real RTM molds that had been produced for this project. Iriitially, 
permeability measurements were to be made on the preform materials used in the mold to give 
realistic data for the simulation. The modeling results would then be validated with short shot 
experiments or for the flat panel mold, flow visualization using a glass-fronted RTM mold. For 
simulating flow through porous media, permeabilities are critical inputs since they contain all the 
physics of the interaction of the resin with the preform including wetting and pore geometries. In fact, 
an active area of research involves the theoretical prediction of permeabilities from flow properties 
and pore geometry models [2,5]. 

It is essential that representative permeabilities values be available if there is to be any hope of 
matching simulations to validation experiments. Unfortunately, lab data for permeabilities was 
unavailable and the validation studies were not carried out in time to compare to modeling results. 

Since laboratory data on the preforms used in our RTM part production were unavailable, 
permeability values were obtained from the literature. w e e  different porous web volume fractions, 
leading to three different sets of permeabilities were to be modeled for each geometry. These are 
given in Table 1 and are obtained from the experimental data of Ahn et al. [3]. These permeability 
numbers are for glass fabric mat preforms. The mats are nearly isotropic in the x-y plane, but 
permeabilities are much lower in the z-direction making the preforms anisotropic. 

Table 1. Principal permeability for glass fabric mat preform as a function of fiber volume 
fraction 

0.3 3.2e-9 7.oe-9 7;Oe- 11 

0.4 7.Oe-10 9.0e-10 1.1e-11 

0.5 1 .Oe- 10 1.5e-10 2.oe-12 

The sensitivity of the code to viscosity will be tested by running simulations at two different 
viscosities: 100 cp and 200 cp. These viscosity values were chosen arbitrarily and do not reflect the 
actual viscositigof the resins used experimentally. The density of the resin was assumed to be 1 gI 
ml. The injection flow rate used is from an actual experimental setup and is 37.5 d m i n  [4]. 

The benchmark problems are considerably simplified compared to real resin transfer molding in that 
temperature and curing effect have been ignored for the preliminary evaluation of the software 
packages. This scoping effort has assumed that the process is isothermal and that the material 

0 
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properties are constant throughout the domain, so we are essentially solving only a flow through 
porous media problem. However, it is critical that any computer program we choose be more general- 
purpose than needed for the preliminary modeling effort. For future work, it must have the ability to 
solve more realistic problems that include chemically reacting flow, viscosity as a function of extent 
of reaction and a detailed representation of the temperature field. 

Background and Results from FIDAP 

FIDAP is a general purpose finite element code that can be used to solve a variety of fluid dynamics 
problems. Recently, a mold f*g capability has been added to the code based on a volume of fluid 
algorithm. The mold can either be empty or contain a preform. If the mold is filled with a preform 
the flow through porous media option is used and permeabilities are defined for the material. Input 
parameters for F D A P  include mold geometry, fluid density and viscosity, permeabilities for the fiber 
preform, direction of gravity, vent and injection port location, inflow velocity or injection pressure. 
The permeability data can vary in complexity from isotropic, to an anisotropic permeability defined 
only in the principal directions, to a full permeability tensor. Using a full permeability tensor allows 
the user to solve problems where the problem axes are not aligned with the principal directions of the 
porous preform and takes into account the cross-flow, which can often be significant [SI. 

The Forchheimer-Brinkman model is used to represent the porous flow: this is a generalization of the 
Darcy model for flow in saturated porous medium [6].  The equations solved are the momentum 
equation, 

here written in vector form, where u is the volume averaged velocity vector, Ilull is the magnitude of 
the velocity, m is the Forchheimer coefficient, p is the pressure, p is the fluid viscosity, is the 
effective viscosity, p is the fluid density, + is the porosity of the porous medium, K is the permeability 
tensor of the porous media, g is the gravity vector and E is the inertia coefficient. If we choose E = 0 
we obtain a Brinkman model of the porous media. The Brinkman model is used for the present work 
as there is currently no data available for estimating Forchheimer coefficients. 

The continuity equation, representing conservation of mass, for an incompressible fluid is 

V.u = 0 

An advection equation is used to track the location of the advancing front. 

Equations 1 and 2 are solvedusing a finite element method for the spatial discretization and a 
backward-Euler finite difference method for the integration in time[6]. A volume-of-fluid method is 
used to locate the free surface at each time step. In addition, special heuristics are used to ensure that 
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mass is conserved at the free surface [7]. FIDAP also includes equations to model the curing reaction 
of the epoxy and the energy transport in the system, if that were desired. 

Simulations of the filling of the flat panel mold were carried out in both two and three dimensions. 
This will allow us to determine the importance of three-dimensional effects. Also, since two- 
dimensional problem3 are much more efficient to run than the fully three-dimensional calculations 
we can test the sensitivity of the filling simulations to changes in preform volume fraction, and thus 
permeability, and viscosity. If the results are relatively insensitive to changes in material properties, 
we can reduce the number of three-dimensional calculations that need to be done. (Two-dimensional 
problems are much more efficient t o m  than three-dimensional ones since computational time scales 
with the size of the bandwidth squared times the number of unknowns. The bandwidth is much larger 
for three-dimensional problems, thus a three-dimensional problem will take much longer than a two- 
dimensional problem with the same number'of unknowns.) 

The f ~ t e  element mesh for the two-dimensional flat panel study is shown in Figure 1. 

Y 

inflow 
v=.38cmls 

mold wall 
vIl,,Iil,1=0 

J 

Figure 1: Finite element mesh for two-dimensional RTM simulations 

The plate dimensions are 31.6 cm by 31;6 cm and it has a thickness of 0.635 cm. The injection port 
is 3.8 cm in from the bottom of the plate on the plane of symmetry. In the real mold, the injection port 
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comes out of pla in the positive z-direction. In the tw- dimensional simulation we solve only half 
the problem since the domain is symmetric; this will significantly reduce the computation time. We 
simulate the injection port by placing the inflow in the x-y plane on the plane of symmetry. Gravity 
in the simulation goes in the negative y-direction. 

The boundary condifions for the two-dimensional simulations are also shown in Figure 1. We apply 
a no penetration boundary condition at the .mold wall, implying no normal velocity, but the fluid is 
free to slip tangentially. This is a standard flow through porous media boundary condition and when 
the Darcy equation is used it is the only velocity boundary condition that can be applied at the wall 
[8]. This alleviates the need to discretize the thin viscous boundary layer that is present at no-slip 
boundaries that we are not interested in for the bulk flow calculations. In fact, the behavior near the 
wall is hard to predict since it depends on how well the preform fits in the mold. One of the most 
common defects in RTM parts is caused by “race-tracking” where the resin flows unimpeded 
between the preform and the waU, in a highly permeable region. 

We also apply a symmetry condition enforcing no flow across the plane of symmetry. The 
complexity of reducing three-dimensional reality to a two-dimensional simulation is seen in our 
application of the inflow boundary condition. We actually place the injection port on the plane of 
symmetry with inflow in the x-direction. The size of the inflow port was arbitrarily assumed to be 
0.635 cm and that based on the inflow rate of 37.5 ml/min, gives a linear inflow velocity of 0.38 cm/ 
s in the positive x-direction. We apply this as a plug flow velocity profile. 

S i x  different transient two-dimensional simulations were carried out at the two viscosities and three 
different volume fractions. However, for the given constant inflow rate, changing permeabilities and 
viscosities only has the effect of changing the maximum pressure needed to inject the resin, since the 
fill time and flow path remain relatively unchanged. Thus, detailed figures will only be given for one 
volume fraction using one viscosity. 

Figure 2 shows the maximum pressure (red line) and the location of the free surface (black line) as a 
function of time for a two-dimensional RTM simulation for a solid volume fraction of 0.5 and a 
viscosity of 200 cp. The contours shown go from the maximum value at the inlet and drop off in even 
intervals to a pressure of zero at the free surface. The flow spreads out from the injection port in an 
ellipsoidal fashion, reflecting the difference in the x and y permeabilities. Gravity effects do not seem 
important since the flow is basically symmetric in the y-direction. The idjection pressure increases 
over time to maintain the constant inflow rate. This is because over time the flow path becomes larger 
necessitating a larger pressure drop in order to maintain the same pressure gradient. We can see that 
we get a sharp direction change in the isobaric surface when the material hits the corner of the mold 
and starts interacting with the vertical wall. From the shape of this surface, we can see that bottom 
corners are possible locations of trapped air, whidh can then lead to defects in the composite part. 
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time = 522.0 s 
Pmax = 36.4 x lo9 Pa 
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time = 616.0 s P,,=37.1 x 10 9 Pa 

time = 768.0 s 
Pmax = 38.2 x lo9 Pa 

Figure 2: Maximum pressure and free surface location as a function of time for two- 
dimensional RTM simulations (solid volume fraction = O S ,  p=200cp) 
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A summary of the results for all six calculations are given in Figure 3, which shows the initial 
injection pressure as a function of the solid volume fraction. The initial injection pressure is 
essentially linear on a semilog plot with preform volume fraction, implying that pressure increases 
exponentially with solid volume fraction. 
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Figure 3: InitiaI maximum injection pressure as a function of preform volume fraction 
for two-dimensional RTM simulations 

From Figure 3 we can see that there is almost no effect on the initial injection pressure when the 
viscosity is doubled: the curves for viscosity of lOOcp and 200cp essentially lie on top of one another. 
However, as we go to higher volume fraction we see large changes in the pressure field. If we 
increase the preform porosity from 0.3 to 0:5 the pressure increases by 105. From this, we can 
conclude that porous flow effects dominate the flow masking any viscous or gravitational effects. 
Also, once experimental data is available, it will be interesting to compare the,pressure from the 
simulation with the laboratory pressure to determine whether the sensitivity to solid content is a 
physical effect or a numerical artifact. 

Since there was little change in the flow field and free surface locations with changes in volume 
fraction and viscosity, only one three-dimensional simulation was carried out. The three-dimensional 
mesh is shown in Figure 4. As before, we need only solve half the problem since the geometry is 
symmetric and the boundary conditions are no penetration at the solid surface and no flow across the 
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symmetry plane. For the N l y  three-dimensional problem, we can have a more realistic injection pod 
that comes in from the positive z-direction. Since we had no information about the geometry of the 
injection port, only the volumetric inflow rate was known, an easy to mesh injection port was created 
in a rectangular geometry. The injection port is 0.635cm by 0.635cm wide and 8cm long to insure 
that the flow is fully developed where it is applied. A plug flow velocity of 0.38cm/s is input at the 
mouth of the injectioin port in the negative z-direction. 

Figure 4: Finite element mesh for three-dimensional flat panel RTM simulations 

After carrying out the six two-dimensional simulations, it became clear that inertial and viscous 
effects were relatively unimportant compared with the porous flow effects. For this reason, the three- 
dimensional simulations were simplified by ignoring inertial effects. If we ignore inertial effects, the 
momentum equation, equation 1, loses its transient term and becomes pseudo-steady and the only 
remaining transient equation is the filling equation, equation 3. Thus, the time-step size is determined 
only by the filling equation, which is much larger than the time-step which would have been 
determined by the momentum equation. Using a larger step size allows us integrate to the final fill 
time more quickly. In fact, the difference in time-step size was so large, that if this simplifying 
assumption had not been made, no solution would have been achieved. (The solution presented below 
was expensive to calculate. It took 12 cpu hour on a IBM SP2 to solve at a cost of $2O/cpu hour.) 

The momentum equation is a vector equation, meaning it has one to three components depending on 
the dimensionality of the problem. In two-dimensions, the two components of the momentum 
equation coupled with the continuity equation, and the filling equation are solved simultaneously 
using the direct solver in FIDAP. In three-dimensions, it is not possible to use the direct solver since 

1 
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the matrix is too large to be solved in a reasonable amount of time. For this reason, the segregated 
solver is used for three dimensional problems. The segregated solver solves each equation, three 
momentum equations, the continuity equation and the filling equation, separately and then iterates 
until convergence [9]. Since the equation set is lineai, convergence generally occurred fairly quickly. 

The three-dimensiond filling profile at a fill time of 94s is given in Figure 5. ~ 

Figure 5: Filling profile at a fill time of 94s for three-dimensional RTM simulation 

From Figure 5, we can see that the flow proceed from the injection nozzle into the porous preform 
with the movement of the fluid hampered by the low permeability of the preform in the z-direction. 
(The z-permeability is about two orders of magnitude smaller than the in-plane permeabilities.). This 
is evident from the filling profile that clearly demonstrates that more fluid has reached the back of 
the plate abutting the injection port than has reached the front of the plate. So it is clear, that at least 
initially, the flow is truly three-dimensional. This lag in the velocity profile from the back to the front 
of the mold could never have been predicted using a two-dimensional or a two-and-a-half 
dimensional model such as CSET. 

Over time, we can expect the front-plate profile to catch up with the back-plate profile and the flow 
to take on a two-dimensional character. This is because the fluid will flow in the z-direction in 
response to the z-pressure gradient caused by the disparity in filling. We can see the evolution of the 
flow from three-dimensional to two-dimensional in Figure 6, which gives the flow profile at 591s. 
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Figure 6: Filling profile at a fill time of 591s for three-dimensional RTM simulation 

In Figure 6, we can clearly see that the filling profiles are identical on the front and back plates and 
that the flow field now progresses in a two dimensional manner. It is important to note that the two- 
dimensional and three-dimensional initial injection pressures are in good agreement: 0.42 x108 Pa 
versus 0.33 x lo8 Pa. 

The three-dimensional flat panel mesh was produced using the meshing tools available in FJDAP. 
The curved panel mold had a much more complicated geometry, so that it was decided that Steve 
Burchett would make the mesh using the EXODUS preference of PATRAN. This allowed him to 
take the ProEngineer geometry and mesh it directly. Unfortunately, FJDAl? 7.5 and PATRAN P3 are 
no longer compatible and we can no longer import a P3 mesh into FIDAP without losing important 
information that leaves us unable to put boundary conditions on the mesh, making it impossible to 
run a simulation. FDI, the makers of FIDAP, and PDA, the makers of PATRAN, have both been 
contacted extensively and offered work-wounds that did not alleviate the problem. Both FDI and 
PDA are working on the problem and should have it fixed at some point, since it is an advertised 
capability of mDAP to read in PATRAN meshes. Unfortunately, since the curved panel mesh could 
not be read into FIDAP, no benchmark results we available for this geometry. 

Background and Results from GOMA 

GOMA is a multiphysics Sandia code designed to simulate a variety of manufacturing applications. 
It can solve incompressible fluid flow, nonlinear deformation of solids, multispecies transport 
equations, temperature fields as well as flow through porous media using the frnite element method 
for the spatial discretization and the finite difference for temporal discretization. The type of 
applications that GOMA development has focused on have been free and moving boundary problems 
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that have a free surface, the location of which is unknown apriori to the simulation and must be 
solved as one of the unknowns. 

The porous flow equations available in GOMA are two-phase implementation of Darcy’s equation 
for flow in unsaturated porous media, the details of which can be found elsewhere [9,10]. The 
important thing to n6te is that with the two-phase porous flow equations, it will be easier to predict 
the location of trapped air pockets that can.lead to defects in the final part. 

Unfortunately, when this work was carried out in September of 1995, there was a bug in the transient 
implementation of the two-phase Darcy’s equation. Thus, while this benchmark study was being 
conducted no two-phase solutions could be obtained. The error in the code has since been corrected 
and some preliminary results were obtain. However,po in depth work was carried out and so no 
results from GOMA will be presented here. 

Conclusions 

Two and three-dimensional simulations of RTM processing have been carried out with the 
commercial finite element software package FIDAP. The results of this work demonstrate that 
FIDAP has all the physics required to successfully model the manufacturing of RTM parts including 
flow through porous media, curing reaction and heat transport. FIDAP performed well on the 
benchmark problems and can be used in either two or three-dimensions depending on the degree of 
detail needed from the modeling results. It is my recommendation that if any future RTM modeling 
work is to be done using commercial software, FIDAP be used. Also, at that time GOMA should be 
reevaluated if more customizable in-house software is desired. 
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ProMOLDESIGN 

+:+ C-Flow/EZ@ performs mold flow a n a l y s i s  based o n  a n  
a s sumpCion  of a NewConian fluid a n d  in-t;ernaI 
condi-t;ion. 

+ .  Inpu-t; i s  via a compressed she l l  m e e h  (2-0) wi%h in1e-t; 
po&s indicated by da-t;urn poinC(s). flypo-t;he-t;icaI h o c  
or cold r u n n e r s  c a n  be added Co %he model a long  wi-t;h 
a “ s h a p e  fac-t;or” Co d e f i n e  -t;he georne-t;ry. 

+3 0u-t;pu-t; f rom %he  flow a n a l y s i s  is in a g raph ica l  forma-t; 
Cha-t; displays possible air C r a p s ,  weld lines, mel-t; fron-t;, 
velocicy based o n  percen-t; of fill, a n d  recommended 
ram speed. 
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CUMOLD Reactive Molding 

+3 C-Mold Reac-t;ive Molding ‘‘can handle a -t;hree- 
dimensional Chin cavi-t;y wi-t;h a mel-bdelivery 5ys-t;em 

ru n n ers.  ” 
may contain ho-t; or cold, circular or non-circular 

+:+ “The program simula-t;es %he d y n a m i c s  of fluid flow, 
hea-t; -t;ranefer a n d  curing of r e s i n s  during filling, a n d  
hea-t; -t;ransfer a n d  curing during pos-t;-filling.” 

C-MOLD Reactive Molding U s e r ’ s  Guide ,  pg 1-2 





C-MOLD Reactive Molding - Input 

00 w 

In addicion %o %he macerial p r o p e r ~ i e s ,  -t;he following 
processing conditions mu5c be encered: 

*3 Fill Gime 

*3 Inle-t; mel-t; -t;empera-t;ure 

*:* Mold -t;empera-t;ure 

*:* Fill--t;o-pack swi-kh-over by percen-t; volume 

*:+ Pack-Co-open 5wi-t;ch-over by ejecCion conversion 

+3 Inle-t; mel-t; ini-t;iaI conversion 
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Models Used - Curved Box 

.125THlCK A d  
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Output Examples - Air Gaps 

By a d j u e t i n g  %he  
Ioca-tsion of %he inle-t; 
por-t;, %he designer i 5  
able -t;o move % h e  ven-ts 
away f rom %he c u r v e d  
s u r f a c e s  a n d  place i-t; in 
a Iocacion %ha% i 5  
easier (lese expensive) 
-t;o machine .  



utput Examples = elt Front 

00 
00 

P ’or 

“5pec-t;re colore repreeen-t; reIaCive advancernen-t; OF %he 
fron-t;. T h e  blue areas are ?;he earliee-t; -t;o be Filled; %he red 
o n e s  - Che  la-t;es-t;.yy 

Pro/MOLDESIGN User’s Guide, pa. 3-7 
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Real Life Examples 

Curved Box #3 
+ea%in weave fabric 
+approx. 35% volume fraccion 
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I Real Life Examples 
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, j  

Curved Box #2 
+:+sacin weave fabric 
+:+approx. 35% volume .Frac-t;ion 
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Real Life Examples . .  

Curved Box #4 
*:+sacin weave Fabric 
+:+low volume fraction 
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. . .  
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RTM MOLD FILLING IN FLAT PANEL 
30% glass mat fiber volume with Epon 86aEpicure W resin 

30 seconds 

500 seconds 

1500seconds 

250seconds 
. ,. ,2 ' ' , 79. :- ,, 

1000 seconds 

96 1700seconds 



APPENDIX D-COMPOSITE MODEL EVALUATION - MECHANICAL 
PERFORMANCE 

Charts and text provided by AM Marie Sastry. 
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EXECUTIVE SUMMARY 

Composite materiais produced by liquid molding processes offer the advantages of high 
structural performance and low weight, with manufacturability at low cost. 
Replacement of traditional laminated composites with liquid molded composites offers 
potential savings, both in prototyping and production, with a greater range of possible 
component geometries. Resin Transfer Mold (RTM) processing, one type of liquid 
molding, has been identified as a versatile, economical method for production of 
composites. Typically, the reinforcement phase in these materials is a fabric, either 
nonwoven or woven. A preform comprked of the dry textile phase is placed in a closed 
mold, which is filled with resin (typically a thennosettingresin) and the composite is 
consolidated at high temperature to cure the resin. 

Structural analysis and design of these textile (fabric) composites requires combined 
analysis of constituents, microstructural arrangement and processing conditions. 
Traditional laminate theory, along with exclusive use of simplified rule-of-mixtures 
approaches to estimate in-plane properties is insufficient for two main reasons: 1) the 
coupling present in weave geometries significantly affects the elastic response of the 
materials (rule-of-mixtures approaches neglect this coupling), and 2) parts produced by 
liquid molding processes are generally of complex geometry,and placement of flat 
textiles in curved molds produces differences in microstructure, and thus stiffness, in 
different regions of a particular, complex mold. 

Full structural analysis of curved parts thus requires at least three main components: 1) 
modeling elastic properties of (dry) fabric microstructures, to the fiber or tow level; 2) 
modeling preform structural response based on the fabric microstructures; and 3) 
modeling composite properties based on processing information and resin composition. 
Each of these subjects has been widely researched. 

The first area, determination of elastic properties of dry textiles, is well-understood for 
a variety of commonly available materials. The second area, modeling preform response 
based on fabric modeling, has been addressed both from the standpoint of strict 
geometrc modeling in preform placement in a mold, as well as the effect of preform 
displacement during processing, and the resulting effects on composite structural 
response. The third area, process modelin as been investigated both empirically and fbb  
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numerically by a number of workers. There are several key numerical issues associated 
with rapidly evolving flow fronts, which comprise another area of research in many 
polymer processes. 

Structural analysis of composites of complex geometries for the IMPReS program will 
incorporate these different aspects of modeling. Both commercial and SNL codes will be 
used to carry out structural analyses, with close attention paid to microstructure on an 
element-by-element basis. Teaming with the fluid modelers in cooperation with 
performance of experimental verification of flows through different candidate 
microstructures will allow development of more accurate structural analysis software. 
An immediate goal is the benchmarking of commercial and SNL structural analysis 
codes, given the unique requirements in modeling composites comprised of fabric 
preforms. 
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CONSTITUENT MODELING: FROM FIBERS TO FABRICS 

Structural modeling of composite components must begin with constituent-level 
modeling. In this discussion, we use "composites" to mean materials comprised of 
fibers and polymeric binder, or matrix. Fibers are of small diameter, and are 
agglomerated into tows, which are larger bundles of aligned fibers (typically 1000-5000 
fibers comprise a tow). A lamina refers to a sheet comprised of aligned fiber tows held 
together by the matrix. In traditional, laminated composites, layers of unidirectional 
fiber-reinforced laminae are bonded together, with successive layers at angles to one 
another. In this case, calculation of in-plane stiffnesses can be quite accurately 
estimated using a series or parallel rule-of-mixtures (ROM) approach, amounting to a 
volumetric averaging of constituent properties. In the case of estimating properties of 
fabric structures, however, the interactions of the fiber tows plays an important role in 
the resulting structuial properties. 

Classic lamination theory is a continuum approach for estimation of in-plane stiffnesses 
in a composite laminate plate. Strains are assumed to be small, and the in-plane 
stiffnesses of individual layers, or plies, are typically calculated using an ROM 
approach. Because the fibers in each layer are aligned, the assumption that there is no 
tow coupling is valid, and modeling at the tow level is unnecessary. 

In composites comprised of woven fiber reinforcement, however, there is significant tow 
coupling, i.e. the deformation of the fibrous structure is the result of interaction of 
individual tows. Furthermore, the use of liquid molding techniques allow manufacture of 
complex geometries, making the modeling of the microstructure even more important, as 
the microstructure can be substantially different in a single mold as it is forced to 
conform to deep draws and comers. Figure 1 shows schematically the fo&g of a fiber 
preform from a flat sheet of woven fabric, and subsequent composite production. 
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Figure 1. High-speed resin transfer molding operation. [from Johnson, 19931 

Modeling of the deformahon of fabrics has been the subject of much study, beginning by 
workers in the textiles area in the first part of this century. One of the earliest models 
to incorporate fiber geometry into fabric deformation mechanics was that put forward 
by Peirce [Peirce, 19371. Peirce used a simplified geometrc model of contacting fibers to 
model the deformation in a fabric. This classic geometry has been used extensively, and 
in recent solid modeling efforts of analysis of yams and woven assemblies which use 
limiting contact geometries to analysis fabrics at the level of a single fiber [Keefe, 1992, 
1994a, 1994bl. 

Use of simplified geometric models for fabrics has produced three main types of 
analytic models for fabric microstructures. A series of analyses by Ishikawa and co- 
workers [Ishikawa and Chou, 1982a,b] produced three basic microstructural models for 
different types of fabric microstructures: the mosaic model, the crimp model and the 
bridging model. Because infinitessimally small elements within each model 
microstructure is assumed to follow laminate theory, these models are classified as 
laminate theory models. 

103 



7 

Figure 2. Schematic representation of assumed geometry in the mosaic model. [from 
Byun and Chou, 19891 
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Figure 3. Schematic representation of assumed geometry in the crimp (undulation) 
model. [from Byun, 19891 
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Figure 4. Schematic representation of assumed geometry in the bridging model [from 
Byun, 19891. 

Two dimensional woven composites have been analyzed using other applications of 
micromechanics [Naik ef nl., 1992a-e; Shembekar and Naik, 1992; Realff et nl., 19931, 
and the deformation of these structures is understood for standard weaves [Hearle, 
19941. .More detailed 3D.finite element analyses of 2D structures have also been 
performed for the simpler 2D weaves [e.g. Ichihashi ef nl., 19941. 

There is also a substantial body of effort in modeling 3D interlocking fabrics. Use of 
these materials can eliminate the production step of layering 2D fabrics in the mold. 3D 
fabrics have the advantage over 2D materials in possessing a higher interlaminar 
strength [Fujita et nl., 19931 because of the third dimension of fiber reinforcement. 
Weaving and braiding advances have increased the available options in 3D woven 
microstructures, and these processes themselves are the subject of study. Analyses have 
been performed for varying geometries [Byun and Chou, 1990,1991; Whitney and Chou, 
19891, and computer-aided design methodologies have been developed for weave design 
of 3D fabrics [Byun el nl., 1991; Dastoor L i t  nf. , 1992; 1994a,b; Du, 1991; Hill et al., 
1995a,b; Li el nl., 19911. 105 



These analyses represent the first step in modeling preform fabrics. In real use of these 
materials in 1iquid.molding of composites, draping and forming of the curved structures 
produced from these fabrics must be additionally modeled. 

DESIGN AND MODELING OF FABRIC PREFORMS FOR LIQUID MOLDING 

Preforms produced for RTM can be produced by 1) stamping flat fabrics to net shape 
[Suemasu et al., 1994],2) filament winding of fibers to net shape [Chou, 19891, or 3) 
laying successive fabric laminae directly in the mold, covering joint and curves as 
necessary [Steenkamer et  nl., 19951. Formability of these materials into the complex 
geometries-required is of major concern [Cai et  af., 1994; Yu et al., 19941. 

There are limitations on the ability of a woven to conform to an arbitrary surface, and 
the competing design goals of high drapability with high flexural rigidity has been 
studied by several workers. Classic work by Robertson and coworkers [Robertson et al., 
1981; 19841 on the draping of fabrics over hemispherical and cone-shaped solids, led to 
generalized models [e.g. Van West et nl., 1990; Aono ef al., 19941 for fabric placement on 
curved surfaces. Figures 5 and 6 demonstrate the problems of interest. 

Figure 5. Draping fabric over a rounded cone: analysis and demonstration with 
cheesecloth fabric [Robertson et  nl., 19841 
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constrained yams 

sphere-surface 
I ntersmion 

Figure 6. Generalized methodology fqr predition of fabric laydown on an arbitrary 
surface [Van West e t  af., 19901. 

The placement of the preform in the mold, and the resulting deformations of 
mirostructure, have important implications for continuum modeling. Instead of use of a 
homogeneous model, the different stiffness properties of highly deformed fabric regions 
in the mold must be taken into account. Figure 7 demonstrates the variability possible in 
stiffness in a real part of moderately complex geometry. 

The mold filling process itself also perturbs fabric microstructure, sometimes 
necessitating that additional fabric microstructural modelling be performed. This 
analysis can be combined into a mold filling simulation. 
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Figure 7. TensiIe modulus variation predicted in a corner of a complex component ‘ 

[Middleton et  al., 19951. 

MOLD FILLING SIMULATION AND PROCESS MODELING 

Deformation of preforms within the mold during processing can dramatically affect the 
thermoelastic stresses in a complex composite due to rearrangement of fibers from the 
flow [Berdichevsky and Cai, 1993; Laroche and Vu-Khanh, 1994; Lundstrom and 
Gebart, 19951. Also, matrix rich regions can develop near polymer inlets [Han et af. , 
19931, affecting structural properties. 

Studies on the mechanics of wetting and permeation of fiber preforms have been 
performed by a number of workers. Transport through porous media has in fact been 
the subject of scientific inquiry for more than one hundred years [Maxwell, 1881; 
Meredith and Tobias, 19621. For fibrous materials, wetting of tows has been studied 
[Bayramli and Powell, 1992; Chan and Morgan, 1993; Ghali et a1.,1994] as a first step in 
modeling the resin transport. The eifects of coatings, or “sizings” on fibers dramatically 
affects these processes [Larson and Drzal, 19941. Limited studies on the effects of heat 
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and mass transfer during "wicking" of fabrics have been carried out [e.g. Ghali et al., 
19951 to address the issue of micromechanisms of transport as well. 

These microstructural effects are generally neglected in continuum process modeling of 
RTM, in favor of simplifed approaches employing tensor permeabilities to describe flow 
through the preforms. Process optimization has been done for a variety of materials I 

[e.g. Foley and Gutowski, 1991; Karbhari, 1993; Kendall et al.,1992] and process 
monitoring has been developed using smart sensors in the mold [e.g. Kikuchi et al., 1995; 
Kranbuehl et al., 1991; Melotik et al., 1993; Walsh and Charmchi, 19931 to provide data 
for these continuum analyses.There are a number of workers developing mold-filling 
simulations for Newtonian flow though fiber beds [e.g. Bruschke and Advani, 1991; Cai, . 
1992; Carpenteret al., 1993; Chan and Hwang, 1991; Chan and Morgan, 1992; Skartsis 
et al., 1991a,b; 1994; Um and Lee, 1991; Young, 19941. 

Corresponding analyses and experimental projects have been carried out to identify 
permeabilities for a number of candidate materials [e.g. Adams and Rebenfeld, 1991a,b; 
Dave, 1990; Verheus and Peeters, 19931. Advances in the past several years in 
improved numerical techniques for modeling advancing flow fronts [e.g. Anturkur, 1995; 
Chang and Kikuchi, 1994; Trochu et  al., 1993; and Um and Lee, 19901. 

Ultimately, one would like to couple the fluid and structural analyses in order to allow 
design of tailored microstructures for different applications. There issimultaneously a 
need for microstructures which are highly permeable to resin, to allow production of 
well-impregnated ,void-free parts and a need to use preforms which are densely-woven, 
to produce high fiber volume fraction composites with desireable structural properties. 

PROPERTIES OF FABRIC COMPOSITE STRUCTURES 

Final prediction of properties of textile composites has been attempted for a wide range 
of failure modes in addition to the work in modeling the elastic properties. Clearly, 
there is a tight coupling in liquid molded materials between processing , microstructure 
and net structural response. Thermoelastic effects, important in most composites due to 
thermal mismatch of fibers and matrix, are particularly important in wovens, since 
additional thermal residual stress can be present due to twisted yarns [Yao and Chou, 
19911. The fabric geometry has been found to have a significant influence on the thermal 
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expansion coefficients as well, by both micromechanics approaches [Ganesh and Naik, 
19941 and homogenization techniques [Dasgupta and Agarwal, 19921. These 
thermoelastic effects must be accounted for in any structural analysis, as thermal 
residual strains are generally significant when compared to strains in service. 

Another important processing-specific issue requiring structural analysis is the effect of 
applied loads at the boundary of a textile composite component. The edge effects have 
been shown to be quite significant under shear through finite element analysis [Whitcomb 
et al., 19951. 

Fracture and toughness properties of woven composites are critical; textile composites 
are often chosen in structural applications due to their higher fracture toughness than 
their laminated counterparts. Unlike Mode I crack propagations in laminates, fiber tows 
must fail in tension in 3D materials in order to propagate a crack in a double cantilever 
beam (DCB) experiment. Interpretation of the load-displacement curves for these 
materials [Guenon et al., 19891 has shown that these materials exhibit a ten-fold increase 
in interlaminar toughness over similar 2D wovens. In 2D weaves, the in-plane weave 
geometry itself has been shown to have a significant effect on interlaminar toughness 

. [Wang and Zhao, 19951. 

Failure analysis of joined components has been performed in comparing the differences 
between types of joints [e.g. Lin and Tsai, 19951. Structural analysis of these materials 
will require that satisfactory prediction be made of bolted jointstrength. This has been 
the subject of a great deal of interest in laminated composites over the last twenty years, 
but the modeling in that class of materials is generally not applicable to wovens. 

Various design methodologies have been devised for structural RTM modeling [e.g. 
Cohen et al., 1994; Molina et al., 19941 which incorporate combinations of flow modeling 
and simiplified solid modeling. There is still a great deal of reliance however, on 
empirical parameter optimization for new textiles and resins. 
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CONCLUSIONS AND~REcoMMENDATIoNs FOR STRUCTURAL ANALYSIS 

Advances in analysis of textile preforms have contributed to their wider use in RTM 
processes. Flow modeling has likewise been advanced through implementation of new 
micromechanics models and through new numerical approaches. 

Both components are necessary in structural modeling of textile composites of complex 
geometry. While modeling of most of the in-plane properties of flat textile composites is 
well-understood for a variety of weaves, estimation of structural properties in curved 
parts is greatly complicated by the shifting of microstructures as they conform to curved 
surfaces. Gradients in composite properties due to the unique flow patterns arising in 
complex molds are also of concern in prediction of performance of real materials. 

A first approach in continuum structural modeling of complex geometry is to assume 
that the element-wise properties are identical to those in a flat sheet of the same 
composition. Work is being performed to compare commercial and SNL finite element 
codes; future work will involve incorporation of greater detail at the microstructural 
level. Teaming with the fluid modelers (1511) in cooperation with performance of 
experimental verification of flows through different candidate microstructures will allow 
development of more accurate structural analysis software. 
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THERMOELASTIC EFEECTS: AVERAGE IN-PLANE PROPERTIES 

r. MOSAIC MODEL 

In the mosaic model the average strains and cwatures of a om-dimensional strip 
of width a along the fi l l  or warp direction due to a uniform temperature change, AT, can 
bc cxprcsscd in the fdluwhg fonns: 

--I 

From the above eqns the average the& expansion and thermal bending coefficient$ for 
the mosaic model are given by 

- ... ..I a, = a; 

By following the same method we get the crimp model: 

--3 

The superscript C signifies the Crimp model. 
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Next ~i is determined and the off-axis thermal expansion coefficients c('(f3j are 

a[(@ = cosz ea: +sin' tla,' 
ai'(8) = CZ; 
&:(e) -- o 

given by 

-4 

IICI. TEE BRIDGING MODEL 

For the tb.rtna1 propem analysis, assuminp, no external loading, the equilibrium of 
the bridging regions requires 

where the superscript C a g m  denbtes the crimped region, iiud Hi and M, without 
superscripts att: h i  thc cross-ply ladnatc. we define 

s y  = E; - 
k,ac = k: 

Substituting into the previous eqn we have 

The quantities on the left hand side of the above eqn can be related to the werage elastic 
stiffness in the bridging regions as 



Ben= the eqn becomes 

The quantities in parenthesis can he regarded as average values for the bridging - - 
regions and hcnm, they ma denoted by A, and 5, T h ~ s  we obtain 

Finay, the whole satin composicc; c a l x  n g d d  as u W a g e  of d e  regions. The avwg,e 
strain and cuw3ture for the entire model are &riven hy 

The above eqn implies 

for the thermal expansion md thermal bending coefficients of the satin composites. 
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AVERAGE IWPLANE COMYLIANCE CONSTANTS 

I. THE MOSAICMODEL 

The constitutive equatiorls for the Mosaic model is 

stifhess constants in terms of ekistic constants. The cnmplianm constants can be found 

out by inverting the above equation. If ai, b,; and d,; are the compliance constants then 

the average compliance constants are given as follows: 
- ,. aii - aii 

-. dii = dt; 

II. THECRIMPMODEL 

The average in-plane compliance of the crimp model under a uniformly applied in-plane 
stress resultant is defined by 

where superscript C Sigrtifies the crimp model. 
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bi;' and m obtained in a similar manner, 

The bridging model is used for the analysis of satin composites. Tl6s model is 
valid only for satin weaves where n2=4. 

The averdgt; s t i f € n m  constants arc3 

;iii"" and qc far the undulated portion are obtained from 
Ai,,Bij and Djare given by the stmdard formulas. 

--1 

--2 

where q; &,:and 6,:are determined by invening the eqn 1 and the quantities wid  

superscript $ denote properties of the entire satin plane. Finally, -4;. qjand D;can be 
obtained by inverting eqn 2. 
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LOCAL IN-PLANE COMPLIANCES 

I. The Crimp Model 

The crimp model, which is a one-dimemional 
account fiber continuity &d middation, is pnrricuimly 

properties of plain weave composites. 

approxunatton md takes into 
suitcd for prcdisting elastic 

The ~~~ldatidn shape is defined by the parketers hl(x), h2(x), and a;. To 
simulate the actual configuration. the folhwing form of crimp i.. aqsumed for the fill yarn 

The sectional shape of the warp yarn is expressed by 

h*/2 

-h,f2 
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Thus A,,, B,, and Dii are expressed as functions of x(O<=xe=d2) by 

Similarly for a/2~x+n&2, we can w-rite expreesions for A,,, B,, and Djj. 

The local stiffness of the Ell, Q,(B), in the above equations is calculated as a 
hct ion  of the local off-axis angle, 9 (x) which is defined as 

0(x) = arctan(dh,(x)/dJc) 

Ewe consider a fill yam o f . p d a l  fibers where 1 denotes the fiber direction: the 2 
and 3 directions are gerpendicular to the fiber and define the transverseIy isotropic plane. 
The elastic constants of the fill yarn with respect to the xyz axis can be defined. 
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Thus the kacal strffness constarltS of the undulated pmion of the fill yam are given 
as functions of fibtr orientation 0 

By substituting lhc t lhvt:  htw pevious cquation the local plate s&css 

constants can be evaluated. 
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Miscellaneous Notes 

References here are listed in the report. 

Equations for fabric models available; short report sent to Steve. 

'. I 

(yes, I did dump all ofathis on poor Steve-AM) 
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Constifuen f Mudellng: the Reinfurcement Phase 

Rule of Mixfures (ROM) Analyses 

implicitly, ALWAYS include assumptions about arrangement 
simplest example = series and parallel rules (resistance or stiffness) 

uniform fiber stress uniform f ber strain 

' must first know each constituent's properties, 
then use weighted average 
no-brainer for aligned fibers (see above picture), 
but can be complicated for woven structures 

. = coupling effects due to interlocking - must'invoke micromechanics for the neinforcemenf phase, and 
again for the composite 
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Constltuenf. Mudels: General Solutions 
Two Main Bodies of Work: 

1) Fabric to Preform €0 Composite 

WANT TO KNOW 
"drapabiIity"--wilt wrinkles form? 
alteration of microstructures--will gaps form .due to high shear? 
Ultimately, how does this affect manufacturability 
(impregnation of the deformed fabric microstructure with resin ) 

2) (Flat) Composite Fabric Approach (then do complex analyes with rotation 
of composite properties, neglecting laydown effects on microstructure) 

WANT ro KNOW 
how matrix and fiber properties combine 

: how to get average properties in the fabric 
, from the local properties 

to give local fabricpaperties 

WHATREALLY HAPP€NS: 
The conformation of the dry fabric to the mold surface changes both the 
structural properties and the processing properties (local permeability) o1 the 
preform. Use of the flat fabric composite properties both in processing and 

I structural anabsis is an approximation .of the real properties. 



I 

Consfituent Modeling: Fabric Cumposb Models 

Use Iaminated plate theory in a 
piecewise fashion to characterize 
€he fabric’s unit cell5 then use an 
average value to get the continuum 
constants. 

Incorporate coupling effects for 
weaves where it is important (ems. 
not as important in plain weaves as 
in satin weaves). . .  



Fiber Modeling--Classic Work: Pelrce(l937) 
first model of contacting fibers 
recent application: deformation of fabrics 

Fabric ModelinpTexti les 
draping (Robertson, 1981-4; Van West, 1990; Aono, 1994) 
over arbitrary surfaces of dry fabrics 

0. 1. 2. 3 
€ 

0. 1 a I v 1 d 

1. - 

t -  

2. - 

S. - 

connrarned yams 

Draping over a rounded cone 
(Robertson, 1984) 

Draplng ov0r an arbitrary susace 
van West, 1990) 
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Constituent Modeling: Fabric Composite Models 
[equations available for local and coniinulum analyses-Sfeve Burchef f has them ...I 

1) Mosaic Model (pretty good for plain weaves; has been applied to other types) 

2) Crimp Model (basis for bridging model; good for satin weaves) 

3) Bridging Model(extension of (2); incorporates interlacing effects) 
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Micromechanical Models Give: 

0 local and continuum properties of fabric composites (see Steve for 
equations)-=can plug directly into continuum FEM code with appropriate 
calculation of stiff ness coefficients (IMPORTANT--select microstructural 
model based on fabric geometry) 

prediction of fabric drapability in CURVED structures-can select 
deformable fabrics for complicated component geometries 

To apply the models, must: 
understand how local microstructure changes with laydown 

understand how local microstructure affects net structural properties 

understand how local microstructure affects net processing properties 

THERE ARE SEVERAL IMPORTANT FLUID-STRUCTURE INTERACTION 
PROBLEMS IN ANALSIS OF CURVED STRUCTURES 
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Conclusions and Recommendations 

Structural Analysis 

SHORT TERM: 

select ROM micromechanical approach based on 
fabric arch it ect u re 

enter stiffness coefficients into continuum FEM code 

- LONG TERM (research area): 

0 incorporate microstuctural models of fabric 
geometries into mesh description 

use stiffness coefficients based on fabric 
deformation due to conformation with the mold 

select local permeability coefficients based upon 
fabric deformation upon conformation .. . 



APPENDIX E-COMPOSITE MODEL EVALUATION - 
FAILURE MECHANISMS AND MICROMECHANICS 

Charts and text provided by Khanh Trinh. 



S a n d i a N a t i ~ l L a b O r a t ~  
Livermore, California 94551-0969 

date; October 19,1995 

fo; Linda Domeier, Org. 8713, MS 9404 - 
from; Khanh Trinh, Org. 8742, MS 9043 

subject; Materials for IMPReS report. 

This memo presents a summary of the mechanical modeling study performed in 
support of the IMPReS program. I have also attached to this memo a copy of my 
wrap-up meeting vu-graphs, and a copy of the paper that Wei-yang Lu, Org. 8745, 
and I presented at the 10th International Conference on Composite Materials (ICCM- 
10). 

There were two major efforts in the mechanical modeling study in support of the 
IMPReS program: the development of a damage material model and the investigation 
of existing micromechanic models for composite materials. The following two 
sections describe these two efforts respectively. 

Effort one: Damage material model for composite materials 

The structural performance of a part under actual service loads can be determined either 
experimentally using laboratory testings or analytically using a mathematical model. 
Since testing can be very costly, it is desirable to have an analytical method that can 
predict the part performance with reasonable accuracy at a lower cost. The finite 
element method is an analytical method that is widely used to predict structural 
performance of parts with complex geometries, loadings, and material behaviors. We 
have commercial and Sandia in-house finite element codes that can model complex 
geometries and loadings. However, existing material models can not predict failure 
responses of composite parts that will be produced by the IMPReS program. The goal 
of effort one was to develop such a damage material model. 

The damage material model was developed to be used with the commercial finite 
element code ABAQUS based on the desire of the IMPReS working group to work 
with commercial codes. ABAQUS is a popular code that is widely used both inside 
and outside of Sandia. I also have plan to implement this model into the PRONTO 
code in the future. 

ABAQUS and other finite element codes used at Sandia have built-in material model 
that can only model undamaged layer composites. The new model adds two important 
features required for modeling damages and failures: failure criteria to predict the on-set 
of various material failures, and degradation rules to model the loss of stiffness and 
strength due to the failures. These two features allow an analysis to simulate the 
progressive damage nature of composite structures from the first damage to the 
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ultimate laminate failure; the analysis can predict the extent of damages in the material 
at any level of loading. 

Failures of composite materials are complex. There are many failure modes: matrix 
cracking of the resin, failure of bonds between fibers and the resin (fiber/matrix shear- 
out), fiber tensile breakage, fiber buckling, delamination of layered composites, etc. 
Different failure mode causes different degradation to the material. For example, 
matrix cracking causes very little stiffness degradation, and frequently occurred well 
below the design load in practice. On the other hand, fiber failure causes great stiffness 
degradation that usually leads to total material failure. Some failure modes are 
relatively simple to implement, others are not. The developed model included five 
failure modes: matrix cracking, tensile fiber/matrix shear-out, compressive fiber/matrix 
shear-out, matrix compression, and fiber breakage. Basically, these are relatively 
simple in-plane failure modes that were thought to be important for the IMPReS 
program. The new model does not include out-of-plane failure modes such as 
delamination. 

For a part produced using the RTM method, we may be interested in the strength of the 
cured resin system (matrix cracking and matrix compression), the strength of the 
reinforcement system (fiber breakage), the bonds between the resin and the fibers 
(tensile and compressive fiber/matrix shear-out), and the void content of the finished 
part (related to matrix cracking). The new model uses a crack density (number of crack 
per inch) as a state variable to track the extent of damages for the matrix cracking 
failure mode. This crack density state variable may be used as initial state of the 
material to account for voids created by the manufacturing process. 

The developed model adopted failure criteria and degradation rules recently proposed 
by a group at Stanford University leaded by Professor Fu-kuo Chang. Significant 
changes in the degradation rules and a new numerical procedure was implemented to 
overcome convergence problems in ABAQUS. Convergence problems are serious. 
They have limited the uses of progressive failure modeling for composite materials. 

The model was validated using test data of uniaxially loaded composite coupons with 
and without slits. These coupons were laminated composites produced using the 
traditional hand lay-up and autoclave cured method. Test data for composites produced 
using the RTM method was not available. Comparisons between experimental results 
and ABAQUS finite element results showed that the developed composite material 
model works well. More details about the model and the experimental validations can 
be found in the attached paper, which Wei-yang Lu, Org. 8745, and I recently 
presented at the ICCM-10 conference. 

. 

In summary, I have developed a composite material damage model that can be used 
with the commercial finite element code ABAQUS to predict responses of composite 
structures. This model was validated with experimental results. 
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Effort two: Micromechanic models for composite materials 

Micromechanic models predict mechanical properties of composite materials from 
properties of the constituents. The goal of effort two was to examine existing 
micromechanic models and determine their applicability to the IMPReS program. In 
this effort, Jeff Eldredge, a co-op student from Cornell University, and I surveyed 
some journal papers and some books. We also talked to some industry and academia 
people. Major findings are summarized below. 

Micromechanic models are not trusted and not used for design purposes. These 
models are simply not accurate enough. The standard in industry is to obtain 
composite material properties from laboratory measurements. Micromechanic models 
are used by material engineers for guidance on material improvement purposes. 

We can categorize existing micromechanic models into three groups: (1) strength of 
materials, (2) theory of elasticity, and (3) empirical equations. The strength of material 
group, which uses simplified mechanical model, has simple equations and requires 
only basic data such as constituent properties and volume fractions. The rule of 
mixtures is a micromechanic model from this group. The theory of elasticity group, 
which uses much more complex mathematical models, has more complex equations 
and requires more data than group 1. The best known model in group 2 is the Halpin- 
Tsai model. Models in the empirical group requires lots of existing data, and probably 
will not be applicable to the IMPReS program. 

Besides the lack of accuracy, there are other limitations on micromechanic models. 
Not all properties can be predicted, and some properties can be predicted more accurate 
than others. For example, moduli and Poisson’s ratios can be predicted much more 
accurate than strengths. Furthermore, there are restrictions on the type of composite 
materials that can be treated with micromechanic models. These restrictions came 
from basic assumptions made by most models. Two of these basic assumptions are 
that the lamina is macroscopically homogeneous, and that the fibers are regularly 
spaced and perfectly aligned. These two assumptions limit the uses of micromechanic 
models to directional lamina (unidirectional or fabric). One must modify existing 
models (adding fudge factors) to work with less structured composite materials such as 
lamina with continuos, but not aligned fibers. The lamina with the A-glass mat 
preform fabricated by Tom Bennet is such a lamina. 

For structured composite laminates, I recommend the rule of mixtures model for the 
IMPReS program because this model is simple to use, requires only basic data, and is 
probably just as accurate as other more complex model. 
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Accomplishments 
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I 
I 
I 
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, Developed a material model that can be used by 
the commercial finite element code ABAQUS to 
predict structural damages and failures in 

Investigated techniques to obtain mechanical 
DroDerties of composites from properties of 

4 !c. composite materials. I 

1 I 
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bon'stituents and manufacturing data. 
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Hashin failure criteria 

I Matrix cracking 

Fiber/Ma trix sh ear-ou t 

Fiber breakage 

Yt : Matrix tensile strength 
Xt : Fiber tensile strength 
S : Shear streogth 

= e & l  2 



Degradation from fiber breakage 
and fiber/matrix shear-out 

d f  = e )” 
Af : fiber failure area 
6 : fiber interaction zone, related to fiber strength distribution 
p : fiber degradation rate 

s. 40 : saturated crack density 
q : shear degradation rate 
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Degradation from matrix cracking 

21 T 

Crack density $ = 1l2L 
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2D elasticity and  fracture mechanic ana lyses  on t h e  representative . 

element estimate stiffnbss and  strength degradat ions as  functions of 
crack density for each ply 
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{ (45/-45/45/-45)]s laminate,  graphite  epoxy 

Ply 1 (45) 
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Test Program 
I 

Material T800/3900-2 Graphite/Toughened Epoxy 
provided by Boeing 777 Empennage Sample geometry 

Test  Matrix 

Total 60 
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Far-field stress vs. displacement 
Si de s I i t, [45/9 0/-45/0/-+45/90/.t-45/0/+-45 J S 

Normalized displacement (idin) I 
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Matrix cracking at 90% of failure load 
(side slit, case 76E) 
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Notch-strength comparison 
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This work was presented at the 10th International Conference on 
Composite Materials (ICCM-10) , Whistler, Canada, August 1995. 



Obtaining properties of finished 
RTM parts 
Needed properties: Moduli, Poisson's ratios, strengths, porosity, etc. 

I .  Direct measurement 
Accurate _. 
Time consuming and costly 
Standard method for component design purposes CL 

o\ w 

2. Micromechanics: 
Inaccurate 
Not all required properties can be estimated 
Many models available at various degree of difficulty 
Used by materials engineers for guidance on materials improvement 
Not trusted by designers for component design purposes 



Micromechanics Models 
i 
II 1 I 3 approaches 

I Strength-of-Materials (rule of mixtures) 
simplest, theory based on vastly simplifying assumptions 
sufficiently accurate 
reauired basic constituents data: moduli, volume fraction, etc. 

2. TheoG of Elasticity 
CI less simplifying assumption, rigorous math 

3 subapproaches: bounding, exact and approximate solution 
generally difficult to use, except for some approximate solution 

Q\ 
P 

method (best known is the Halpin-Tsai Method) 
3. Empirical Equations 
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Recommendation 
Measured properties should be used for component design purposes. For 
guidance on material improvement, a simple rule-of-mixtures model is 
recommended for its simplicity. There are commercial softwares available for 
this purpose. MIC-MAC'from Think Composite (S. Tsai) is one such software. 
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AN EXPERIMENTAL AND COMPUTATIONAL 
STUDY OF PROGRESSIVE FAILURE OF 

LA.MINATED COMPOSITES WITH CUTOUTS 

Wei-yang Lu and Khanh Trinh 
Sandia National Laboratories 
Livermore, CA 94551-0969 

ABSTRACT 

A series of experiments was performed to study the progressive failure of T800/3!20-2 
Graphi tfloughened Epoxy laminates with various lay-ups and cutouts under uniaxial tensile 
load. Three lay-ups and five specimen geometries, including nonsymmetric specimen geometries 
such as the side slit and the angle slit, were tested. A material damage accumulation model was 
implementedinto the finiteelement d e  ABAQUS and used to predict the failure response of the 
laminates. This model includes three in-plane failure modes: matrix cracking, fibedmatrix shear 
out and fiber tensile breakage. The model predicts failure mode, extent of damage and stiffness 
degradation due to failure, and ultimate failure of the material. Experimental results and model 
predictions are presented. 

INTRODUCTION 

... *.* 

Fiber reinforced composites have becomean important class of engineering materials. Laminated 
composites, for example, find wide applications as structural members. It is necessary to 
characterize the response of composite components under all anticipated loadings. Since holes 
and slits exist in many structural components, composite laminates with cutouts are a problem of 
great practical interest. The stress concentration near the cutout frequently causes structural 
failure. Stress concentrations in composite laminates have been studied extensively for more 
than two decades [l]. Models are available for predicting the strength of laminates with and 
without cutout. Most of these models are semi-empirical. - They require experimentally 
determined parameters that are sensitive to laminate geometry and lay-up. This approach for 
predicting strength is experimentally expensive sincea new set of parameters is needed whenever 
there is a change in the laminate geometry or lay-up. 

Another approach for predicting strength in composite laminates is using progressive failure 
analyses. One popular method using this approach is to simulate a structural problem with the 
finite element method and predict laminate failures with a material damage model. To bc 
practical, the material model should only use material properties of the lamina (ply) that are 
independent of laminate geometry and lay-up. Effects of laminate geometry and lay-up should be 
accounted for by the finite element calculation. This approach is more computationally 
expensive, but is much moreefficient experimentally. The progressive failure analysis approach 
has attracted much attention because of its non-empirical nature. An example of a material 
damage model suitable for this approach was recently proposed by Shahid and Chang [2]. This 
model was shown to match limited experimental data for some cutout geometries such as a center 
circular hole and a center slit. 

This paper presents a combined experimental and computational study of progressive failure in 
composite laminates with various lay-ups and cutouts under in-plane tensile load. The long tern 
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Table 1. Test summary 

goal of this investigation is to develop aconstitutive model for fiber reinforced composites that is 
suitable for predicting progressive failure of general laminates under general loads. 

EXPERIMENTS 

A series of experiments was performed to study the progressive failure of T'800/3900-2 
GraphitfloughenedEpoxy laminates. As shown in Table 1, three'lay-ups and five geometries 
were included. The distribution of ply orientation is indicated as 'xlylz' in the second column of 
the table, where x, y and z are percentages of 0, *45 and 90 degree plies, respectively. The ply 
angle is measured counterclockwise from the loading axis that is vertical. Panel 70, [(45/90/- 
45/0)2]s, is quasi-isotropic. Panel XV, [-45/0/45/902/-45/~/45/0]~ is dominated by 90. degree 
ply. Panel 76, [45/90/-45/0/-45/45/90/45/~5/0/45/~~~, is dominated by *45 degree ply. All 
three panels have different thickness. The nominal thickness of a ply is 0.188 mm. 
Specimen geometries are shown in Figure 1. Geometry A has a uniform gage area. The cutouts 
in geometry B, C, D and E specimens are circular hole, slit, slant slit, and side slit, respectively. 
Since we did not repeat the characterization of T80013900-2 unidirectional laminate, geometries 
A, B and C specimens were used to verify the model parameters. The cutouts in D and E are not 

A 
25.4 

B 
38.1 

C 
38.1 

D 
38.1 
M 

' E  
25.4 
P 4  

unit: mm 
Figure 1 Sample geometry and setup 
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symmetric with respect to specimen axes. The angle between the loading axis and the slant slit is 
60 degrees, which is not aligned with any fiber direction. 

After machining, all samples were examined by using X-ray penetrant-enhanced radiography to 
ensure they were free of defect. Most samples were loaded monotonically to failure. Some 
samples were first loaded to 80 or 90 percent of the failure load, then they were unloaded and 
removed from the loading frame for making X-ray radiographs. These samples were loaded 
again to failure. Fractured surfaces were examined visually immediately after each test. 

It is known that T800/3900-2 laminates behave consistently, and its scatter in experimental data 
is smaller than many other polymeric composites. Therefore, only three repIicas were used in 
each test condition. Tests were performed on an Instron screw driven system. The extension 
rate was about 5x10'3 mmls. One biaxial extensometer and one clip-on gage were used to 
monitor the deformation during loading. The biaxial extensometer has three channels: two 
independent channels (A and B) for axial strain and one fl) for transverse s t d n .  Gages A and B 
have the same gage length of 25.4 mm; the gage length of T is adjustable. The clip-on gage (C) 
was modified to have a long gage length of %.5 mm. A typical setup of type E specimen is 
shown in figure 1. 

EXPERIMENTAL RESULTS 

Verifying the damage accumulation model requires experimental results not ody on laminate 
strength but also on deformation, damage and failure. Only few experiments provide such 
complete information. The experiments provide data for bench-marking in-plane models and 
guiding future model development. 

DEFORMATION 

Load-displacement curves of D and E samples are plotted in Figure 2. The ordinate, far field 
stress, is the load divided by the original area of the uniform cross-section that does not have a 
cutout. The abscissa is the measured displacement normalized by its gage length. Most of the 
plots show only the results of a typical specimen. The plot of 76E has the results of all three 
specimens on it to demonstrate the small experimental scatter of these laminates. 

During a test, there was occasionally click noise from the sample. When the loading was greater 
than 80 percent of the failure load, one or two loud pop sounds could be heard; then finally came 
the catastrophic failure. Some curves in Figure 2 are not continuous; they shift to the right at 
some places. The horizontal shift indicates a sudden increase in displacement. It relates to the 
popping sound during the test. The cause of this shift could be the real deformation of the 
sample, a slip (or jump) of the gage caused by a stress wave, or a combination of the two. In 
some tests the clip-on gage was glued on the specimen so gage slip (or jump) could be 
eliminated: however, the sudden increase in deformation still existed but had a smaller 
magnitude. Thus, the sudden increase in displacements measured by extensometer might include 
both components: sample deformation and gageslip. 

DAMAGE 

Figure 3 shows the radiographs of D and E specimens, which illustrate the damage around the 
slits. In all cases matrix crackings in 0,90 and ~ 4 5  degree plies are all noticeable in the damaged 
area. Major matrix crackings in 0 and *45 degree plies are found tangent to the slit boundary. 
Matrix crackings in 90 degm plies are more evenly distributed without a dominant one. By 
comparing the damage of 70D specimens at 80 and 90 percent of h e  failure load, it is clear that at 
higher load the damaged a m  is larger and the crack density is higher. Although crack patterns 
look somewhat similar, they vary among geometries and lay-ups. For example, in specimen 
54D3, the 90 degree matrix aackings extend from the end of a slit to the edge of the sample; in 
specimen 76%. matrix crackings are clustered along two major cracks in 245 degree plies. 
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Figure 2 Load -displacement curves d D and Especimens 

FAILURE 

Typical failed D and E samples are illustrated in Figure4. The 54D samples have fracture planes 
normal to the loading direction. The side view of these specimens (not shown here) revealed that 
all plies were broken at  the same location except one surface 45 (or -45) degree ply that was 
debonded from the rest of the laminate. This suggested that 90 degree plies failed by matrix 
cracking, but 0 and *45 degree plies failed by fiber breakage. 
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t - 

. -1 

70D7 80% 

76D49046 

70E2 90% 54m 90% 7m 90% 
Figure 3 Radiographs of D and E specimens 

For 76D samples, there is no unique fracture plane. Cracks were all initiated at slit ends, but 
they propagated in different directions depending on the ply direction. Most of the broken edges 
of *4S degree plies are 245 degree from the direction of loading; that is, the fracture is parallel to 
the fiber direction. Therefore, the failure of *45 degree plies is mostly matrix cracking. A large 
fractured zigzag area can be seen from the side of the specimen. The failure mode of 70D 
samples falls in between 5QD and 76D cases. 

Broken samples of 54Eand 70E show their failure modes arc similar to 54D; there is a common 
fracture plane with the exception of the surface plies. The failure surface of 76E samples is 
comparable to 70D; both fiber breakage and matrix cracking are observed in the dSdegree plies. 

17 1 
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Figure4 Failed specimens 

FINITE.ELEMENT MODELING 

In the computational study, we used the commercial finite element code ABAQUS [3] and a user 
defined material damage model to predict the notch strength of the tested laminates. Results 
generated from the above experim'ents were used to assess the accuracy of this modeling method. 

The damage model implementka into ABAQUS was based on a progressive failure model 
recently proposed by Shahid and Chang [2].' The model predicted the t y p  of failure, the extent 
of damage, and the degradation in material properties as the loading progressed and failure 
occurred. Only three in-plane failure modes were considered: matrix cracking, fiber matrix 
shear-out, and fiber tensile breakage. Failure and damage were tracked at the element level for 
each layer. A crack density state variable (number of cracks per inch) measured the extent of 
damage in the matrix. A cumulative fiber failure area state variable measured the extent of 
damage in the fibers. More details on the theory of the implemented damage model can be found 
in refertnce2 Shahid and Chang implemented their model in a special purpose code called 
PDCOMP [2]. In this study, the material h a g e  model was implemented into ABAQUS 
through pv idcd  user interface subroutines UMAT and VUMAT [3]. For computational 
efficiency, the part for calculating the material degradation due to matrix cracking was not 
implemented into UMAT and VUMAT. PDCOMP was used to generate these results, which 
was then used by ABAQUS. Thus, the degradation was not calculated at every material point, 
and at every increment in the ABAQUS analysis. We believe the cnor caused by this 
simplification was small. 

A total of fifteen material parameters including moduli, strengths, and statistical parameters for 
material degradation d e s  were required for the composite damage model. The same fifteen 
parameters were used in all analyses, for all laminate configurations. Table 2 shows the values 
of these parameters for the 380013900-2 Oraphimoughened Epoxy composites [4). These 
parameters were obtained independent from the above experiments. The standard version of 
ABAQUS was used to analyze the quasi-static uniaxial tensile load. However, in a few 
analym, we encountered numerical convergence problems due to large distortions of elements 
that had fiber failures. For these analyses, we used the ABAQUS expliat version with mass 
scaling to bypass the convergence problem. The uniaxial tensile load of a displacement 
c~ntrolled test was simulated by fixing the bottom edge of the laminates and displacing the top 
d g e  upward. Figures 6 and 7 show finite element results for case 76E These were typical 
results obtained fm the finite element analyses. Figure 6 shows a axnparison of the load 
versus displacement data, the undeformed and the deformed mesh. Figure 7 shows the crack 
density just bcfm ultimate laminate failure occurrod for the first four layers, the 45.90, -45 and 
0 degree plies rtspeCtively. These figures can be compared with the 76E6, 9096 x-ray 
radiograph shown' in figurc 3. Note that in the x-ray photogra h, the dye penetrant was only 
a p l id  in the notch vicinity. Thus any failurc far away from tE: e notch can not be s u n  in the 

notch tip. The analysis predicted fiber failure only at the notch tip. 

a 

p i otograph. Both measuted and predicted results show very high crack density right around the 
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Figure 6 Loaddisplacement curve, deformed and undefomkd meshes 
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EXX EYY GXY 
MPa MPa MPa 
152 9.3 6.2 

Table 2 Material properties and constants used in the calculations 

GV vxy a Xt a,, an Tcure GIC GIIC 71 6 g 
MPa MPa 1IC 1IC C kVm2 H/m2 
3.7 0.3 8E-15 2.8 4E-07 3E-07 17'7 0.15 0.28 8 0.055 8 

Table3 summarizes notch strength'comparisons between experimental and computational results 
for all cases. The values of experimentally measured strength are averages of three tests. The 
average error was 6.8 percent. The standard deviation of the error was 4.7 percent. All 
predicted strengths were within 15 percent of measured strengths. This result shows that the 
implemented damage model can predict the notch strength of laminates with different geometry 
and different lay-up relatively well. Note that no empirical data, such as characteristic length, 
was used in the analyses to account for the different notch geometries and different lay-ups. 

Table 3 Notch strength comparison 

I Suecimen I Measured strength I Predicted streneth 

70B 
54B 
76B 
7oc 
70D 
54D 
76D 
70E 
%E 
76E 

3% 
217 
291 
385 
386 
257 
3 17 
219 
145 
223 

402 
207 
335 
327 
378 
280 
336 
210 
149 
241 

CONCLUSIONS 

Error(%) 

+ 6.9 + 1.5 - 4.6 + 15.2 - 15.1 - 2.1 + 8.8 
f 5.9 - 4.2 + 2.8 + 8.1 

Experiments todeterminethestrength and failure mode of symmetric and nonsymmetric cutouts 0 

under in-plane tensile loading were performed. A damage accumulation model was implemented 
into ABAQUS to simulate the experiments. Model predictions of laminate deformation, damage 
and strength compare favorably with experimental results. 
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APPENDIX F-RTM PROCESSING CAPABILITIES 

RTM equipment available in SandidCalifornia MTL facility. 
Resin materials selected and procured. 

F 
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ASHBY-CROSS 2500 PC-3 RTM MACHINE 

AS INSTALLED IN IMTL FACILITY AT SANDINCA 
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For advanced composite 
manufacturing 

FEATURES: 
:%Sara R .7T?.Zx L.Y-M7C.Y 

METERING ASSEMBLt Two positive displacement gear pumps 1%: 
*Ai equipped with synchronized electric motor drives, digital RPM 

readout for each pump, RPM set point counters for ratio, 
potentiometer for ramp capability, and individual heaters for each 
pump. Provides Non-Pulse Flow. 
RESERVOIRS: Individually sized for the application, each tank is 
made of stainless steel with vacuum holding capability. Each has 
an air motor driven agitator with slinger plate for thin film deairing, 
proportional heating, material shut-off valve and material tempera- 
ture sensor. 
HEATED CART: Portable, containing the entire metering assem- 
bly, reservoirs, and pumps. 
DELIVERY HOSE: Individually heated and controlled, capable of 
ramping material temperatures to mold temperature. 
VACUUM PUMP AND GAUGE: Includes oil mist eliminator, 
filter/trap on intake side of pump, vacuum hoses to tanks. 
MIXER HEAD: Static or Dynamic Mixers available. Static Mixer 
equipped with catalyst injector valve to prevent resin and catalyst 
mixing prior to the static mixer. Fluid gauges mounted on the inlet of the mixer manifold. Control is hand held electric 
starVstop button. 
SOLVENT/AIR PURGE: 3 gallon ASME stainless steel pressure tank with regulator, gauge, ordoff air valve, and selector 
valve for solventlair purge cycle. 
FLOW METERS: Mounted on outlet side of metering pumps, the microprocessor is capable of real time ratio monitoring 
with alarm and other programmable features. 
CONTROL CONSOLE: Proportional heat controllers for up to nine heat zones, emergency shut off, ratio readout, ordoff 
controls for all heat zones, auto shot timer, flush control, vacuum and pump. 

Ashby=Cross Company, Inc. 
418 Boston Street, Topsfield, MA 01983 0 (508) 887-2887 0 FAX (508) 887-3829 
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DOCUMENT NUMBER LB-8994 
Amendment Number 3 
Document Date 08-13-93 

SECTION I 

ARTICLE 1. - STATEMENT OF WORK 
Provide the following deliverables to Sandia National Laboratories, CA: 

ITEM QTY UNIT DESCRIPTION UNIT PRICE EXTENSION 

1. 1 ea Resin Transfer Molding - Meter, $ $ 
Mix and Dispense machine per RFQ. 

BACKGROUND 

The machine is intended for laboratory and prototyping use and requires 
versatility in terms. of resin selection, processing conditions, mold/part 
size, ease of use, and ease of cleaning up. 

GENERAL SPECIFICATIONS 

The machine should have the following component capabilities and/or 
performance characteristics. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Cylinder metering system using stepping motor(s) drive. 

Variable ratio from 1:l to 20:l is required. 
additional cylinders to increase ratios from 20:l to 150:l.. 

A ratio accuracy of 21% or better. 

Provide an option for 

An easy method of sampling the ratio between the A and B sides at 
ambient temperature. 

Viscosity range from 100 cps to 50,000 cps at temperature. 

Independent heating of Side A and Side B from room temperature to 
225°F. If not possible, provide an option/alternative method. 

Material outlet hoses for A and B sides 5' in length or greater 
Teflon lined, stainless steel braided and completely heatable up to 
300°F or more. 

Versatility to process one (1) or two (2 )  component materials that 
are liquid at ambient temperature, and are non-flammable and non- 
explosive. 

All 0 rings should be made from any of these materials; Viton, 
Teflon, or Kalrez. 

RFQ SECTION I PAGE 1 
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SECTION I 

DOCUMENT NUMBER LB-8994. 
Amendment Number 3 
Document Date 08-13-93 

10. Reservoirs should have a sensing device or view port to monitor the 
material level. 

11. Both reservior tanks should hold a minimum of two (2) gallons and a 
maximum of three ( 3 )  gallons of material and be stainless steel, have 
self contained agitators (for mixing resin and fillers including 
hollow microspheres) and be capable of vacuum degassing to 5 torr. 

12. The machine should be capable of injection pressures from 0 psi up to 
500 psi and remain accurate within fi 5 psi. If not possible, provide 
an option/alternative method. 

13. The machine should have a flow rate range of 50 cc per minute at 
lower end and up to 700 cc per minute at 1:l ratio. 

14. A method to measure and control (1) temperatures in all zones, an (2) 
flow rate and (3) measure pressure at the tool. There should be 
connections to down load readings of temperatures, flow rate and 
pressure. All to be incorporated in the main control panel. If not 
possible, provide an option/ alternative method. 

15. Provide an easy method to purge the entire system, including a way to 
isolate mixing head for air or solvent purging. 

16. The entire unit should be portable, with a power cable of 20 feet or 
more. 

17. The machine and associated components should be painted with 
resin/solvent resistant paint. 
exact shade to be determined.. 

The preferred color is blue with the 

18. Control panel should be equipped with a panic stop palm button. 

19. Material outlet hoses should be secured in a manner to prevent or 
minimize any whipping in case of puncture. 

20. 

21. 

22. 

23. 

24. 

Contractor should provide complete and comprehensive instruction on 
the use of equipment for two (2) or more Sandia employees at a 
location of the Contractor’s choice. 

Start-up training shall be performed at Sandia National Laboratories, 
Livermore, California. 

A one (1) year (or longer) full coverage warranty.shal1 be provided 
from the date of delivery and/or acceptance. 

Unlimited phone consultation with service personilel shall be provided 
indefinitely . 
A 48 hour response by service personnel is required. 

RFQ SECTION I PAGE 2 
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25. 

26 - 

27 - 

~JuCUMENT NUMBER LB-8994 
Amendment Number 3 
Document Date 08-13-93 

SECTION I 

It is desirable for the machine and any applicable components to fit 
within an envelope of 72 inches long'by 48 inches wide by 72 inches 
tall. 

It is desirable for the machine to utilize 208V, single or 3 phase 
power. Contractor to specify power and plug type. 

Additional modifications or options that serve the same purpose as 
the previously mentioned, and as determined applicable by the vendor, 
shall be completely explained and described. 

ARTICLE 2. - DELIVERY 
Delivery required at Sandia on or before December 31, 1993. 

ARTICLE 3. - PRICE 
Total Price: $ 

ARTICLE 4 .  - ACCEPTANCE 
Acceptance will occur, Warranty period shall begin, and payment will be 
.made 'subsequent to the successful installation at the Sandia National 
Laboratories, Livermore, facility, of the items described in Article 1 and 
demonstration that the items can meet the Mandatory Specifications set 
forth in Article 1 and any Desirable Features claimed by the Contractor. 

ARTICLE 5 -  - MANUFACTURING AND TESTING STANDARDS - 613-MT (8-92) 
A. 

B. 

Unless excluded or modified elsewhere in this contract/order, 
Contractor warrants that all equipment, components, tools and 
products of any nature whatsoever, furnished under this contract, 
shall be manufactured and/or tested in accordance with standards 
normally associated with such items when they are sold to users in 
the United States. 
standards include, but are not limited to: 

Examples of such manufacturing and/or testing 

Underwriter's Laboratory (UL) Listing 
National Fire Protection Association Approval 
Occupational Safety and Health Act (OSHA) Approval 
American Society for Testing Material (ASTM) Certification 
Nationally Recognized Testing Laboratory (NRTL) Approvals 

All items furnished under this contract shall be clearly marked 
and/or labelled, as appropriate; and, if applicable, all items shall 
be accompanied by installation and/or operating instruction normally 
associated with such items. 

RFQ SECTION I PAGE 3 
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Specialists in all aspects of 
Resin Transfer Molding Technology 

Mark I1 
Resin Injection System 

HYPAJECTTM Mark I1 is a new concept in resin transfer 
molding equipment. Developed out of a greater need to 
simplify the handling of thermoset resins and their 
multitude of additives, HYPAJECF Mark I1 provides an 
economic and versatile equipment alternative for producers 
of reinforced and unreinforced moldings. 

HYPAJECTTM Mark I1 is designed to injecffdispense a 
variety of thermosetting -resins, under pressure, to 
manufacture reinforced and unreinforced moldings. These 
materials include; unsaturated polyester, vinylester, epoxy, 
methyl methacrylate, etc. 

HYPAJECTTM Mark II 
is available in the following capacities: 

Model 3 1 gallon 
Model 6 2 gallon ' 
Model 6 Mark I I  2 gallon 

RTM SYSTEMS, INC. offers a range of resin transfer 
molding products including both manual and automatic 
HYPALOCKTM clamp/jack systems for RTM and other 
closed molds. A comprehensive supply of RTM technology 
is also available from RTM SYSTEMS, including RTM 
Tooling Training Seminars. 

... another RTM solution from RTM SYSTEMS, INC. 
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HYPAJECT for Versafilify. .. 
I 

... is capable of pressure injecting any resin, color, filler, 
accelerator or catalyst combination into closed molds. 

... will inject all thermosetting resins including: polyester, 
vinylester, methacrylate, phenolic, epoxy, etc. 

... can take in and inject as little as a cupful of mixture at a 
time, no machine priming required. 

HY PA J E CT for Accuracy. 
... homogeneous mixture cure profile eliminates distortions 

... quality and type of resin mix is determined and assured 

... control and indication of actual injection pressure. 

... zero to maximum injection flow throttle control. 

... total pneumatic operation and control with safe, audible 

due to inaccurate catalysation. 

before injection. 

mixture indicator. 

HY PAJ ECT for Economy... 
... smaller models require only a 1/2 HP "plug-in" portable 

... extremely low material wastage and energy 

... will use the same cleaning solvent over and over again. ... no machine priming means major savings between 
material mixture and color changes. 

... is compact and lightweight (Model 3 weighs 30 Ibs.), for 
simple installation, operation and ease of maintenance. 

... only one moving part means very low maintenance 
costs. 

air compressor for full operation. 

consumption. 

An affiliate of Glas-Craft, Inc. and Plastech T.T. 

E845 West 82nd Street, Indianapolis, IN 46278 
Phone b17) 875-7174 Fax b ~ l 8 7 5 - 5 4 5 6  

RSI-1024 
182 

HYPAJECTTM 3 
Operating Specifications: 

output: 
Air Supply: 

Max. .8 gal / 10 seconds 
90 psi at 1.5 cfm 

Shipping Specifications: 
Weight: 30 Ibs. 
Dimensions: 35" X 12l X 10 

For More Information: 
Contact RTM SYSTEMS, INC. for details regarding the 
RTM Tooling Seminars and other resin transfer molding 
products and services. 

HYPAJECT and HYPALOCK are registered trademarks of Plastech T.T. 



Sandia National Laboratories 
Albuquerque, NM 87185 

DATE: December 14,1994 

TO: Distribution 

FROM. G. M. Jamison, 1812, MS 0367 

SUBJECT: Materials for W R e S  

After surveying the commercially available RTM-processable matrix resins and curing 
agents, it appears that there are really only a few epoxies suitable for fabricating structural parts by 
RTM under the IMFReS project. Considerations in selecting these resin systems include Sandia's 
familiarity with epoxy thermosets, the potential benefit to DP as we establish expertise with RTM, 
and the potential extension of cure-stress modeling of Shell Epon 828/DEA to other epoxy 
materials. Also, limited quantities of these materials are on hand, so that we may begin 
characterizing and collecting data on curing immediately; some of you may notice that they are 
components of the 456 and 459 formulations finding a number of receptive DP customers. 

Those familiar with the commercially available resindcure agents and their general 
characteristics were able to identify two classes of simple diglycidyl ethers and agree that the 
following materials are worthy of preliminary investigations: 

1. Shell EPON 826, a low-viscosity alternative to the well-known 828 bis-A formulation. 
2. Shell EPON 862, a low-viscosity bis-F material touted to have better resistance to 

corrosives and chamicals, and comparable thermal and mechanical properties to the bis-A resins. 
3. Dow Tactix 123 and 138, both bis-A epoxy resins (very high purity). 

Amine curing agents were selected based on supplier viscosity and Tg data and the 
guiding consideration that MDA and other aromatic polyamines are an invitation to complications 
from ES&H the appropriate aliphatic amines which were chosen include: 

1. Air Products Amicure PACM and Ancamine 2049 (both cycloaliphatic diamines). 
2. Air Products Ancamine 2167 (a polycycloaliphatic amine). 

183 



3. Huntsman (formerly Texaco) Jeffamine D-230 (a polyether-bridged diamine). 

Specific properties of these materials ae available from the suppliers and/or should be easy 

In the event that these residcuring agent formulations do not yield cured parts with any 
for us to verifyldetermine prior to use. 

appreciable thermal or mechanical properties, a pair of alternative high-performance tri- and 
tetraglycidyl ethers have been identified to impart better characteristics: 

1. Ciba Geigy Araldite M y  721 (tetrafunctional). 
2. Ciba Geigy Araldite M y  0510 (trifunctional). 

OH 

Ar= 

H 

H 

Bis-A; Epon 826, Tactix 123,138 

Bis-F; Epon 862 

Araldite MY 721 

Araldite MY 0510 
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EPON" RESIN 8621'" 
EPICURE" W Curing Agent (2) 

(l)Forrnerly EPONB Resin DPL-862 
(2)Forrnerly EPON Curing Agent@ W 
(3)Forrnerly EPON Curing Agent@ Accelerator 537 
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General description 
The EPON@ Resin 862/EPI-CURE@ W Curing Agent 
system consists of a n  epoxy bisphenol F resin and 
aromatic amine for fabricating composite parts using 
resin transfer molding (RTM) and filament winding. 
EPI-CURE W Curing Agent does  not contain methy- 
lene dianiline (MDA). Low tendency to crystallize, low 
viscosity and very long working life at room tempera- 
ture make this system versatile and easy  to process. 
EPI-CURE Curing Agent Accelerator 537(3) may be 
utilized to decrease the gel time of the system with 
little or no effect on mechanical properties. 

Advantages 
0 Resistance to crystallization 
0 Low room temperature viscosity (about 2200 cP) 
0 Long working life (>20 hrs.) 
0 Low moisture absorption (2-2.5 wt%) 
0 Good epoxy performance characteristics 
0 ' Non-MDA aromatic amine 
0 High elongation 

Applications 
0 Advanced composite structures 
0 Resin transfer molding (RTM) 
0 Filament winding 

Chemical description 
0 EPON Resin 862 - Epoxy bisphenol F (BPF) resin 
0 EPI-CURE W Curing Agent - Non-MDA, aromatic 

amine curing agent 
0 EPI-CURE Curing Agent Accelerator 537 

Typical properties 

Components 

Epoxide equivalent weight, glg-equiv. 166-177 
EPON@ Resin 862 

Viscosity, Poise at 77 "F 30-45 
97-99 Weight per gallon, Ibs. at 68 "F 

Flash point, Setaflash >3OO0F 
EPI-CURE@ W Curing Agent 

Amine nitrogen, g/g-equiv. 43-46 
Viscoslty, Poise at 68 'F 3.0-3.5 
Weight per gallon, Ibs. at 68 "F 8.4-8.6 
Flash point, TCC 275" F 

EPI-CURE Curing Agent Accelerator 537 
Viscosity, Poise at 75 "F 
Weight per gallon, Ibs. at 68 "F 

6.0-25 
10.7-1 0.9 

Flash point, PMCC, "F >400 

Mixed System 
Water content, wt% c2 

Mix ratio, parts by weight 100/26.4/0 100126.4/1 
Viscosity, Poise at 77 "F 21 -23 21 -23 

Gel time, mins. at 350 "F 4.1 15 
Pot life, hrs. at 77 O F  21.5 7.9 

Neat resin system properties 
Unaccelerated 
The cured, unaccelerated, neat resin properties of 
the EPON Resin 862/EPI-CURE W Curing Agent . 
resin system as a function of cure time a t  250 O F  
and 350 O F  are  provided in Table 1. The isothermal 
and dynamic viscosity curves of this system are 
shown in Figures 1 and 2. 

./ 
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Table l/Properties of the EPON@ Resin 862/EPI-CURE@ W Curing Agent resin system (100/26.4) as a 

.- 
function of cure time 

Cure schedule, hrs. at 350 "F 

Density, glcc 
Specific heat, caVg "C or BTUAb O F  

77 "F 
140 "F 
230 "F 

Glass transition temperature 
"F, Rheometrics 
"F, DSC 

Fracture toughness, Kq 
Compact tension, psi-inl/2 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, HoWet 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Water absorption, wt% 
Tensile, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

Dielectric properties 
Dielectric strength, V/millOO KHz 
Dielectric constant 
Dissipation 
Volume resistivity, ohm-cm 

Cure schedule, hrs. at 250 "F 

Glass transition temperature 
OF, Rheometrics 
OF, DSC 

Fracture toughness, Kq 
Compact tension, psi-inl/2 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, HoWet 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Water absorption, wt% 
Tensile, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

0.5 

- 

- 
- 
- 
266 
273 

528 

No failure 
458 

No failure 

8.1 
314 
4.6 
2.2 

- 
- 
- 

- 
- 
- 
- 

4 

235 
- 

541 

18.4 
496 
7.5 

9.5 
300 
6.6 
2.2 

11.7 
471 
8.2 

1.5 

1.2003 

- 
- 
- 
302 
289 

657 

12.5 
433 
7.9 

9.4 
310 
5.5 
2.1 

- 
- 
- 
- 
- 
- 
- 
a 

273 - 
583 

18.0 
455 
8.5 

9.0 
295 
6.2 
2.2 

12.0 
431 
8.5 

2.5 

0.31 
0.34 
0.39 

322 
313 

820 

18.6 
424 
8.3 

8.9 
305 
6.4 
2.1 

11.4 
394 
7.1 

563 
3.98 

0.0293 
1.54E8 

Isothermal and dynamic viscosity curves for the 
EPON Resin 862/EPI-CURE W Curing Agent (26.4 
phr) resin system are shown in Figures 1-4. 
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Figure l/lsothermal viscosity sweeps  for EPON@ Resin 862/EPI-CURE@ W Curing Agent using a 
Rheometrics Parallel Plate Viscometer 

0 40 80 120 160 200 
Time (min.) 

10 

Figure 2/Viscosity cure sweep for EPON@ Resin 862/EPI-CURE@ W Curing Agent at 5 "C/min using a 
Rheometrics Parallel Plate Viscometer 

..-C 
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Neat resin system properties 
Accelerated 
The cured, accelerated, neat resin properties of the 
EPON Resin 862/EPI-CURE W Curing Agent resin 
system as a function of cure time at 250 O F  and 
350 O F  and accelerator concentration are provided 

in Tables 2 and 3. The isothermal and dynamic vis- 
cosity curves of this system at 1.0 phr of EPI- 
CURE Curing Agent Accelerator 537 are shown in 
Figures 3 and 4. 

Table 2/Properties of the EPON@ Resin 862/EPI-CURE@ W Curing Agent/EPI-CURE@ Curing Agent 
Accelerator 537 resin system (100/26.4/0.5) as a function of cure time 

Cure schedule, hrs. at 350 "F 
Density, glcc 
Specific heat, cal/g "C or BTU/lb O F  

77 "F 
140 "F 
230 "F 

"F, Rheornetrics 
OF, DSC 

Fracture toughness, Kq 
Compact tension, psi-inl/2 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, Hornet 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Glass transition temperature 

Water absorption, wt% 
Tensile, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

Dielectric properties 
Dielectric strength, V/milIOO KHz 
Dielectric constant 
Dissipation 
Volume resistivity, ohm-crn 

Cure schedule, hrs. at 250 "F 
Glass transition temperature . 

"F, Rheornetrics 
OF, DSC 

Fracture toughness, Kq 
Compact tension, psi-inl/2 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, HoWet 
Strength, ksi 

Modulus, ksi 
Elongatlon, % . 

Water absorption, wt% 
Tenslle, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

0.5 

266 
230 

578 

17.1 
468 
9.9 

4.6 
282 
6.9 
2.5 

253 
- 

650 

18.2 
4780 
8.1 

9.0 
292 
5.1 
2.2 

11.7 
466 
10.3 

1.5 
- 
- 
- 
- 

284 
279 

698 

17.2 
434 
8.6 

7.6 
300 
6.9 
2.1 

- 
- 
- 
- 
- 
- 
- 
8 

273 . - 
569 

18.0 
463' 
8.3 

8.9 
288 
5.2 
2.3 

12.0 
457 
8.7 

2.5 
1.1 947 

0.32 
0.35 
0.40 

302 
288 

727 

17.5 
437 
8.5 

5.4 
313 
6.8 
2.1 

10.0 
408 
4.7 

578 
3.96 

0.0303 
1.50E8 
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Table 3/Properties of the EPON@ Resin 862/EPI-CURE@ W Curing AgenUEPI-CURE@ Curing Agent 
Accelerator 537 resin system (100/26.4/1.0) as a function of cure time 

Cure schedule, hrs. at 350 O F  

Density, g/cc 
Specific heat, callg "C or BTU/lb O F  

77 OF 
140 OF 
230 OF 

OF, Rheornetrics 
OF, DSC 

Fracture toughness, Kq 
Compact tension, psi-inlR 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, HoWet 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Glass transition temperature 

Water absorption, wt% 
Tensile, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

Dielectric properties 
Dielectric strength, Vlmil 100 KHz 
Dielectric constant 
Dissipation 
Volume resistivity, ohm-cm 

Cure schedule, hrs. at 250 OF 

Glass transition temperature 
OF, Rheometrics 
OF, DSC 

Fracture toughness, Kq 
Compact tension, psi-inll2 

Flexure, RT/Dry 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Flexure, HoWet 
Strength, ksi 
Modulus, ksi 
Elongation, % 

Water absorption, wt% 
Tensile, RT/Dry 

Strength, ksi 
Modulus, ksi 
Elongation, % 

0.5 1.5 2.5 

1.201 0 

0.30 
0.33 
0.41 

248 
21 9 

302 
293 

302 
300 

772 741 , 71 5 

20.0 
506 
7.8 

18.1 
450 
6.7 

18.9 
453 
8.4 

9.3 
31 6 
4.9 
2.3 

8.6 
292 
5.5 
2.1 

9.1 
298 
5.2 
2.0 

11.5 
401 
6.8 

562 
3.90 

0.0289 
1.60E8 

8 4 

235 
- 

29 1 - 
620 543 

19.0 
51 6 
7.3 

17.8 
455 
8.5 

9.2 
295 
5.2 
2.3 

8.7 
283 
6.2 
2.2 

11.8 
484 
5.9 

12.1 
425 
8.2 
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Figure 3/lsothermal viscosity sweeps for EPON@ Resin 862/EPI-CURE@ W Curing Agent/ 
EPI-CURE@ Curing Agent Accelerator 537 using a Rheometrics Parallel Plate Viscometer 

Figure 4/lsothermal viscosity sweeps  for EPON@ Resin 862/EPI-CURE@ W Curing AgenVEPI-CURE@ 
Curing Agent Accelerator 537 at 5 "C/min using a Rheometrics Parallel Plate Viscometer 
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Composite fabrication 
Resin transfer molding (RTM) 
The low viscosity feature of EPON Resin 862/EPI- 
CURE W Curing Agent permits low injection pres- 
sures, less fiber washout, high filler/fiber loadings, 
and lower mold costs for RTM fabrication pro- 
cesses. An ambient temperature, one-pot, RTM 
process may be employed in which the mixed res- 
in/curing agent increases from 2200 CP initially to 
5000 CP after about 36 hrs. Processing data for this 
system is provided in Table 4. Alternatively, a two- 
pot resin and curing agent system can be used in 
which either the resin or both pots may be heated, 
generally less than 140 O F  unless otherwise re- 
quired. A typical process includes injecting into a 
heated mold at 250 O F  (system viscosity is on the 
order of 10 CP at 250 O F )  and curing in the mold for 

#++\. 
-. . .  . 

between 0.5-1.5 hrs. at 350 OF followed by a 
350 O F  posture for another hour. Molding and post- 
cure temperature and times can be modified for op- 
timum production. Isothermal viscosity traces (see 
Figure I) can be used to select the process condi- 
tions based on fill viscosity and cure time criteria. 
EPI-CURE Curing Agent Accelerator 537 can be 
used to help modify the cure schedule according to 
processing (Figure 3) and property requirements. 
Air release agents, such as BYK@ A-501* or equiv- 
alent, may be added if air entrainment problems 
are encountered. Carbon fiber reinforced compos- 
ite test data are presented in Table 5. 

*A product of BYK Chemie 

Table 4/Processing data for the EPON@ 862/EPI-CURE@ W CURING AGENT resin system (26.4 phr) as  
a function of EPI-CUREWuring Agent Accelerator 537 level 

EPI-CURE Curing Agent Accelerator 537 level, phr 0.0 0.5 1 .o 

Pot life, hrs. at 77 OF 
Gel time, min. 
250 OF 
300 OF 
350 O F  

21.5 8.5 7.9 

94.6 45.4 30.5 
30.3 14.7 12.0 
15.0 7.4 4.1 



Table 5/Mechanical properties for the EPON@ Resin 862/EPI-CURE@ W Curing Agent resin system 
(26.4 phr) fabricated using resin transfer molding (RTM) with unidirectional and 8 harness 
satin woven graphite fabrics 

Unidirectional 8HS 

0" Tensile, RT/Dry 
Strength, KSI 
Modulus, MSI 
Elongation, % 

31 4 
18.4 - 

0" Compressive, RT/Dry 
Strength, ksi 
Modulus, msi 
Elongation, % 

21 0 
18.7 
1.3 

0" Compressive, HotlDry 
Strength, ksi 
Elongation, T 

Strength, ksi 
Elongation, % 

0" Flexure, RT/Dry 
Strength, ksi 
Modulus, msl 
Elongation, % 

0" Compressive, RTMret 

0" Short beam shear strength, ksi 

Tensile test method 

168 
1 .o 

21 2 
2.0 

122 
10.0 
1.5 

8.2 - 
ASTM D-3039 

Modified ASTM D-695 

ASTM D-790 

Compressive test method 

Flexure test method 

Short beam shear 

ASTM D-2344 Strength test method 

RT/Dry Tested at ambient temperature/humidity (75 "F/50% R.H.) 

RTMret Conditioned for 2 weeks in 200 "F (93 "C) water. Tested a!ambient 
temperaturehumidity (75 "F/50% R.H.) 

Tested at 200 "F (93 "C). No water conditioning. HotlDry 

8HS 

Uni 

8 Harness satin woven fabric with 3K Celion G30-500 fibers. 

Unidirectional woven fabric with 3K Toray T400 fibers with fiberglass 
cross fibers. 
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Composite fabrication 
Filament winding 
The low viscosity and long room temperature pot 
life of EPON Resin 862/EPI-CURE W Curing Agent 
make it suitable for u se  in wet filament winding ap- 
plications. The material may be used at room tem- 
perature or heated to reduce viscosity and facilitate 
fiber wetout. The initial mixed system viscosity of 
2200 CP may be reduced to approximately 1000 CP 
by heating the system to about 40 "C (100 O F ) .  

The pot life a t  this temperature is in excess of 
8 hours, sufficient for winding large or complex 
parts. EPON Resin 862/EPI-CURE W Curing Agent 
is suitable for u se  with glass, carbon, and KevlaP* 
reinforcements. If air entrainment during mixing or 
fiber impregnation proves to be a problem, air re- 
lease agents such as BYKA-501 or equivalent may 
be added. Cure may b e  conducted through internal 
heat sources in the  mandrel or externally with 
ovens or both. Additional resin/reinforcement com- 
paction may be  accomplished during cure using 
traditional vacuum and pressure techniques. Fre- 
quently, a staged cure is most desirable in order to 
minimize resin runout and void formation in the 
composite. If shrinkwrap, vacuum bagging, or other 
external containment a re  not utilized, it is recom- 
mended that the part be rotated during cure to en- 
sure  uniform resin distribution through the part. A 
suggested cure cycle would include 1 hour a t  
121 "C (250 O F )  plus 2.5 hours at 177 "C (350 O F ) .  

. Packaging and storage 
EPON Resin 862 is currently available in 1, 5, and 
55-gallon containers and is a stable liquid at room 
temperature. EPON Resin 862 is not a hazardous 
material according to Department of Transportation' 
regulations. 

EPI-CURE W Curing Agent is currently available 
in 1 and 5-gallon containers and is a stable liquid 
when stored unopened a t  room temperature. 
EPI-CURE W Curing Agent is not a hazardous ma- 
terial according to Department of Transportation 
regulations. Although stable a t  room temperature in 
a n  unopened container, this material will become 

darker in color with exposure to the  atmosphere. 
This may result in color changes in the final cured 
component. Evidence indicates this phenomenon 
does  not affect the material's performance. Please 
contact a Shell technical representative if further in- 
formation is needed. 

Handling precautions 
The recommendations for material selections made 
in this technical bulletin are based on Shell's expe- 
rience and research and are  believed to b e  sound 
technical approaches to the applications or end 
uses  for which they are  presented. However, these 
recommendations are directed toward technical 
performance and should not b e  taken as recom- 
mendations pertaining to health, safety, or the  envi- 
ronment. 

EPON Resin 862, EPI-CURE W Curing Agent, 
EPI-CURE Curing Agent Accelerator 537 and the 
auxiliary materials normally combined with this 
system are capable of producing adverse health 
effects ranging from minor skin irritation to serious 
systemic effects. Exposure to these materials 
should be minimized and avoided if feasible 
through the observance of proper precautions, u se  
of proper personal protective clothing and equip- 
ment, and adherence to proper handling proce- 
dures. Each of these preventive measures de- 
pends upon responsible action by adequately 
informed persons. None of these materials 
should  be transported,  s tored,  o r  u sed  until 
handling precautions and  recommendat ions 
a r e  understood as stated in the Material Safety 
Data Sheets (MSDSs) #800674, #800520 a n d  
#800391, respectively by all pe r sons  w h o  will 
work with them. Questions and requests for 
information on Shell products should b e  directed to 
your Shell Chemical Company Sales Representa- 
tive or to the nearest Shell Chemical Sales office. 
Information on non-Shell products should 
obtained from the respective manufacturer 
vendor. 

be  
or 

*A product of E.I. Du Pont de Nemours & Co., Inc. 

194 



Warranty AI1 products purchased from or supplied by Shell are subject to terms and conditions set 
out in the contract, order acknowledgement and/or bill of lading. Shell warrants only that its 
product will meet those specifications designated as such herein or in other publications. 
All other information supplied by Shell is considered accurate but is furnished upon the 
express condition the customer shall makes its own assessment to determine the prod- 
uct’s suitability for a particular purpose. Shell makes no other warranty, either express 
or implied, including those regarding such other information, the data upon which 
the same is based, or the results to be obtained from the u s e  thereof; that any prod- 
uct shall be merchantable o r  fit for any particular purpose; or that the use of such 
other information or product will not infringe any patent. 

For evaluation 
samples or 
technical 
assistance: Call toll free 1-800-TEC-EPON (1-800-832-3766) 

* 
tS Printed in the U.S.A. on recycled paper 
3M 2/94 
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Epoxy Curing Agents 
and Diluents 

0 0  0 30 80 Bo 120 150 180 

CYCLOALIPHATIC AMINUEPOXY 
RESIN FORMULATIONS FOR RTM 
Epoxy resin formulations are often 
used for resin transfer molding 
(RTM) to attain excellent physical 
and mechanical properties. Cyclo- 
aliphatic amines are ideal curing 
agents for epoxy RTM applications. 
Low- to moderate-viscosity epoxy 
resins, such as D.E.R. 383,Tactix 123 
and Epon 826, when combined with 
hicure@ PACM and Ancarnine@ 
2167 curing agents, exhibit the pro- 
cessing behaviors required for resin 
transfer molding and the excellent 
mechanical performance required 
for industrial composite matrices. A 
wide range of thermal and mechani- 
cal performance requirements can 
be met by varying cycloaliphatic 
amine curing agent, epoxy resin and 
cure schedule. 

4 *210 

CYCLOALIPHATIC AMINE-CURED 
FORMULATIONS EXHIBIT 
PROCESSING BEHAVIORS IDEAL 
FOR RTM 
Amicure PACM and Ancamine 2167 
curing agents are low-viscosity cy- 
cloaliphatic amines. As shown in 
Figure 1, formulations of these cy- 
cloaliphatic amine curing agents 
with liquid DGEBA epoxy resin ex- 
hibit 25 "C pot life for two to five 
hours, depending on the epoxy resin 
selected. 
Formulations of cycloaliphatic amine 
curing agents and low-viscosity 
DGEBA epoxy resins such as 
Tactix 123 exhibit long pot life while 
maintaining the rapid gelation and 
development of cure required for 
cost-effective RTM part fabrication. 

FIGURE 1: 25 OC FORMULATION VISCOSITY PROFILES FOR CYCLOALIPHATIC 
AMINUEPOXY RESIN FORMULATIONS 

AMICURE PACM FORMULATION 
VISCOSITY PROFILES 

ANCAMINE 2167 FORMULATION 
VISCOSITY PROFILES 

7500 - 

2167flWllX 123 

0 '  
0 30 60 90 120 150 160 

nm. mlny181 

Air Products and Chemicals, Inc. 7201 Hamilton Boulevard - Allentown, PA 18195-1501 
Technical Info Hotline 800-PAC-EPOXY - Ordering 800-352-3528 610-481-8935 FAX 610-481-8504 
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In Figure 2, the formulations have 
been subjected to thermal profiles 
representative of typical RTM injec- 
tion profiles: 1) 15 minutes at 70 OC, 
followed by heating at 10 "C/minute 
to 100 "C, and 2) 15 minutes at 70 "C 
followed by heating at 10 "C/minute 
to 150 "C. In each example, the cy- 
cloaliphatic amine-cured resin sys- 
tems exhibit a low-viscosity plateau 
during the first 20 minutes of the 
thermal profile. This low viscosity 
allows for constant flow through- 
out the mold. Once the mold tem- 
perature'is increased to the cure 
temperature, the cycloaliphatic 
amine-cured formulations gel and 

* continue to develop cure rapidly. 
The excellent low-temperature 
reactivity of Amicure PACM and 

I Ancarnine 21 67 cycloaliphatic amine 
curing agents contributes to the 
rapid development of cure in the 
mold. As' shown in Figure 3, the 

, glass transition temperature of the 
cycloaliphatic amine-cured DGEBA 
epoxy resin increases rapidly during 
cure at 150 "C. The rapid develop- 
ment of To for the cycloaliphatic 
amine-cured formulations will lead 
to rapid development of "green 
strength" and may lead to reduced 
cycle times. 

MECHANICAL PERFORMANCE 

CURED EPOXY RESINS 
Cycloaliphatic amine-cured formula- 
tions exhibit high strength and 
modulus as well as ductility and 
toughness. The thermal and me- 

- chanical performance of cy- 
cloaliphatic amine/epoxy resin 
castings have been characterized 
after three cure schedules: 

OF CYCLOALIPHATIC AMINE- 

1. 15 minutes at 70 OC, 
10 "Wminute heating to 100 "C, 
and 30 minutes at 100 OC 

FIGURE 2: COMPLEX VlSCOSlN PROFILES FOR CYCLOALIPHATIC AMINEEPOXY 
RESIN FORMULATIONS SUBJECT TO STANDARD RTM THERMAL PROFILES 

AMICURE PACMEPON 826 
15 MINUTES AT 70 "C, 
I O  "CIEAINUTE TO I00 "C 

10' lo't 
in 

y 

f 
n: 

j 0 I l  10" 0 YD Nn. lmo ..00.b. 1YD xm % 

AMICURE PACM/TACTIX 123 
15 MINUTES AT 70 "C, 
I O  "C/MINUTE TO I 0 0  "C 

AMICURE PACMRACTIX 123 
15 MINUTES AT 70 "C, 
I O  "CIEAINUTE TO 150 OC 

10' 17S 

10' 

AMlCURE 2167RACTIX 123 
15 MINUTES AT 70 "C, 
I O  "CIEAINUTE TO 100 "C 

AMlCURE 2167EPON 826 
15 MINUTES AT 70 "C, 
10 "CIMINUTE TO I00 "C 

ANCAMINE 2167ITACTIX 123 
15 MINUTES AT 70 "C, 
10 "CIMINUTE TO 150 "C 

10' 

~~~~1 y i 

i 
10' n f 

10' 

1 0' 

10'' ai  
0 YD 1 x 4  1XD 

nm. wondm 
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II. 15 minutes at 70 "Cy 
10 "ChinUte heating to 100 "C, 
and 60 minutes at 100 "C 

10 "ChinUte heating to 150 "C, 
and 120 minutes at 150 "C 

Curing agent selection, epoxy resin 
selection, and cure temperature will 
each significantly impact the thermal 
and mechanical performance of the 
cured epoxy matrix. Amicure PACM- 
cured systems will exhibit higher 
ductility than Ancamine 21 67-cured 
systems. Ancamine 21 67-cured sys- 
tems will exhibit high modulus while 
maintaining tensile strength compa- 
rable to Amicure PACM-cured sys- 
tems. The range of DGEBA epoxy 
resins considered here vary not only 
in processing behavior, but in me- 
chanical behavior as well. Lower 
temperature cure may result in ex- 
cellent ductility, reduced glass tran- 
sition temperature, and reduced 
chemical resistance. Higher tem- - 
perature cures will improve thermal 
performance and chemical resis- 
tance while maintaining good 
strength, stiffness and ductility. 
As shown in Table 1 , curing agent 
choice can significantly impact the 
mechanical and thermal perfor- 
mance of the epoxy matrix. Amicure . 
PACM- and Ancamine 21 67-cured 
DGEBA epoxy resin exhibit distinctly 
different mechanical behaviors, re- 
gardless of cure schedule. Amicure 
PACM-cured formulations exhibit 
increased ductility compared to 
Ancamine 21 67-cured formulations, 
and Ancamine 21 67-cured formula- 
tions are characterized by increased 
modulus compared to Amicure 
PACMYcured formulations. At cure 
temperatures -1 50 "C and higher, 
Ancamine 21 67-cured formulations 
exhibit increased glass transition 
temperatures compared to Amicure 
PACM-cured formulations. 

111. 15 minutes at 70'"C, 

FIGURE 3: DEVELOPMENT OF GLASS TRANSITION TEMPERATURE: 
CURED 15 MINUTES AT 70 "C, HEATED 10 "C/MINUTE TO 150 "C AND 
CURED AT 150 "C 

&nkUn PAChVTWtr 123 ----- h u r n ~ n 2 l 6 7 ~ r c l l x 1 2 3  

25 
0 30 80 90 120 150 

tlmratiso-c(mlnurc8) 

Cycloaliphatic Amine-Cured Formulations Exhibit Rapid Development of Cure 

TABLE 1: IMPACT OF CURING AGENT CHOICE ON THERMAL AND MECHANICAL 
PERFORMANCE 

Tensile Tensile % Elong. @ T,, "C 
Formulation Cure Schedule Modulus, Strength, Failure 

Amicure PACM/ 15 rnin at 70 "C, 385 12.3 6.7 125 
Tactix 123 

ksi ksi 

60 rnin at 100 "C 

Ancamine 21 67/ 15 rnin at 70 "C, 423 12.6 6.2 125 
Tactix 123 

Amicure PACM/ 15 rnin at 70 "C, 365 11.6 7.2 169 
Tactix 123 

Ancamine 2167/ 15 rnin at 70 "C, 375 11.8 6.6 167 
Tactix 123 

60 rnin at 100 "C 

120 rnin at 150 "C 

120 min at 150 "C 

When selecting epoxy formulations 
for resin transfer molding, resin se- 
lection can significantly impact the 
matrix performance as well as the 
processing behavior. Tactix 123, 
D.E.R. 383, and Epon 826 are low- 
to moderate-viscosity DGEBA ep- 
oxv resins. As the data in Table 2 

indicate, cured Tactix 123 exhibits 
the advantageous combination of 
high strength and ductility. D.E.R., 
383 formulations exhibit high 
strength, ductility and glass transi- 
tion temperatures while Epon 826 
formulations exhibit high moduli. 
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Due to the low-temperature reactiv- 
ity exhibited by cycloaliphatic 
amines, cure temperatures can 
range from 100 to 175 OC. The cure 
schedule chosen will govern the me- 
chanical and thermal performance 
of the epoxy matrix, as shown in 
Table 3. At 100 OC, the Tg of the 
cured matrix will not exceed 120 to 
130 "C. The mechanical perfor- 
mance of the castings characterized 
did not change with continued cure 
at 100 "C after cure for 15 minutes 
at 70 OC followed by cure for 30 
minutes at 100 O C .  On the other 
hand, cure at 150 OC dramatically 
increases the glass transition tem- 
perature and reduces the ductility of 
the cured matrices. 

1 CONCLUSIONS 
The data presented here will enable 
formulators and composite fabrica- 
tors to select the cycloaliphatic 
amine curing agent/epoxy resin for- 
mulation that will exhibit requisite 
viscosity profile during injection and 
cure and that will cure to form a ma- 
trix that exhibits the necessary ther- 
mal and mechanical performance. 
Formulations of epoxy with Amicure 
PACM and Ancamine 21 67 curing 
agents exhibit a unique and ideal 
combination of low viscosity, rapid 
development of cure, and excellent 

mance, making these cycloaliphatic 
amines ideal curing agents for resin 
transfer molding. 

- 
. thermal and mechanical perfor- 

The information contained herein is 
offered without charge for use by techni- 
cally qualified personnel at their discretion 
and risk All statements, technical infor- 
mation and recommendations contained 
herein are based on tests and data 
which we believe to be reliable, but the 
accuracy or completeness thereof is not 
guaranteed and no warranty of any kind 
is made with respect thereto. 

TABLE 2: IMPACT OF EPOXY RESIN CHOICE ON THERMAL AND MECHANICAL 
PERFORMANCE 

Tensile Tensile % Elong. @ To, "C 
Formulation Cure Schedule Modulus, Strength, Failure 

Amicure PACW 15 rnin at 70 "C, 365 11.6 7.2 169 
Tactix 123 

Amicure PACW 15 rnin at 70 "C, 345 112 7.3 . 166 
D.E.R. 383 

Amicure PACW 15 rnin at 70 "C, 350 11.0 6.7 166 
Epon 826 

Ancamine 2167/ 15 rnin at 70 "C, 375 11.8 6.6 1 67 
TaCtix 123 120 rnin at 150 "C 

Ancamine 21 67/ 15 rnin at 70 "C, 350 11.6 7.2 167 
D.E.R.383 . 120 rnin at 150 "C 

Ancarnine 21 67/ 15 rnin at 70 "C, 377 11.3 6.7 161 
Epon 826 120 rnin at 150 "C 

ksi ' ksi 

120 rnin at 150 "C 

120 rnin at 150 "C 

120 rnin at 150 "C 

TABLE 3: IMPACT OF CURE SCHEDULE ON THERMAL AND MECHANICAL 
PERFORMANCE 

Tensile . Tensile % Elong. @ T,, "C 
Formulation Cure Schedule Modulus, Strength, Failure 

ksi ksi 

Amicure PACM/ 15 rnin at 70 "C, 355 12.1 6.7 122 
Tactix 123 30 rnin at 100 "C 

. Amicure PACW 15 rnin at 70 "C, 385 12.3 6.7 125 
Tactix 123 

Amicure PACW 15 rnin at 70 "C, 365 11.6 7.2 169 
Tactix 123 

Ancamine 2167/ 15 rnin at 70 OC, 432 12.4 5.8 121 
Tactix 123 

60 rnin at 100 "C 

120 rnin at 150 OC 

30 rnin at 100 "C 

Ancarnine 21 67/ 15 rnin at 70 "C, 423 12.4 6.2 125 
Tactii 123 60 rnin at 100 "C 

Ancarnine 2167/ 15 rnin at 70 "C, 375 11.8 6.6 167 
Tactix 123 120 rnin at 150 "C 
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W R e S  List of Resins Systems 

3-9-95 

1. Tactix 123 resin, 40 lb. 

2. Epon resin 9472, 8 lb. 

3. Epon 826 resin, 45 lb. 

4. Epon 862 resin, 30 lb. 

5. Epon 9405 resin, 8 lb. 

6. Epon 9470, 1/4 lb. 

7. Epon 3140 curing agent, 40 lb. 

8. Epon 3140 curing agent, 40 lb. 

9. Epi-cure curing agent W, 35 lb. 

10. Ancamine 2167 curing agent, 40 lb. 

11. Arnicure PACM curing agent, 40 lb. 
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APPENDIX G-MODEL VALIDATION EXPERIMENTS - COMPOSITE 
PERFORMANCE 

Text provided by Tommy Guess. 
Composite fabrication carried out by Tom Bennett. 

Composite testing carried out by Tommy Guess and Mark Stavig. 

3 
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TENSILE PROPERTIES OF GLASS FABNC AND MAT COMPOSITES 
FABRICATED BY THE RESIN TRANSFER MOLDING (RTM) PROCESS 

T o m y  Guess & Mark Stavig 
(September 1995) 

INTRODUCTION 
The purpose of this report is to document the results of tensile tests on two composite 

materials processed by the resin transfer molding (RTM) process. These experiments were 
performed to support the micromechanics modeliig portion of the IMpReS program. In the RTM 
process for fabricating composites, a liquid resin is injected into the cavity of a closed mold that 
contains a preform of the fiber reinforcement. Glass fabric and glass mat preforms and an epoxy 
resin were used in the composite plates supplied for testing. 

MATERIALS AM) FABRICATION 
The two composite plates were fabricated by Tom Bennett, 8714. One plate contained an E- 

glass fabric preform, the other sin A-glass mat preform and both were injected with Epon 8 6 2 N  
epoxy (Shell Epon resin 862 and EPI-CURE W curing agent mixed in a weight ratio of 
100:26.4). The density, modulus and strength of the three constituent materials are listed in Table 
1. 

Table 1. Constituent properties. 
I MATERIAL DENSITY MODULUS STRENGTH I 

E-Glass 2.54 10.6 500,000 

Shell Epon Resin 862 with EPI-CURE W curing agent (100D6.4 by weight mix ratio); cured 
for 12 hours at 165°F. Elastic properties epoxy are estimated using manufacturer's data for 
250°F cure. 

8 6 2 N  Epoxy' 1 .io 0.45 12,000 

The E-glass fabric was obtained from JPS Glass Fabrics; it's designation is JPS CONFORM? 
FABRIC, Style 779 1/2-6040. This fabric contains equal amounts of fiber in the warp and fill 
(Oo/900) directions and its unique weave allows up to 38% fabric bias stretch and compression. 
The fibers have a Volan L finish (sizing) to enhance adhesion to epoxy. 

It is a continuous strand A-glass mat consisting of 80% strands and 20% monofilaments. The mat 
is held together with 6% by weight polyester resin binder and a light weight surface veil. The 
distribution of the reinforcement is essentially uniform in the plane of the mat; this should 
produce a composite with isotropic in-plane elastic properties. 

The glass mat preform material, supplied by NICOFIBERS, is called CONFORMAT N-75 1. 
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Two composite plates were processed in a closed mold with a 12.5 x 12.5 x 0.25 inches 
cavity. A fabric preform was placed in the cavity, liquid epoxy resin was injected and the plate 
was cured. Details of the processing of the two plates are listed below. 

Plate P (fabric preform): This plate was processed 6/29/95. 
1. 73 1 grams of JPS CONFORM E- glass fabric, Style 779 1 placed in the mold cavity. This 

weight of fabrics translates to a theoretical fiber volume of 45%, assuming a plate 
thickness of 0.25 inch. 

2. The mold was preheated to 180"F, a 25 in/Hg vacuum was pulled on the mold for 5 
minutes prior to start of resin injection and the vacuum was held for 15 seconds into the 
injection. The resin was degassed and heated to 160°F. Two 375 cc shots of resin, with a 
total fill time of about 600 seconds, were required to fill the mold. Pressure in the mold 
reached 35 psi. By the end of the injection cycle the mold had cooled to 160°F. 

3. The mold was placed on its end and the resin was injected into the panel from the lower 
right corner. Air became trapped near the center of the panel; this air was vented via an 
overflow outlet located at the center of the mold. Vacuum was maintained for 10 minutes 
after the injection cycle was completed. 

4. The panel was cured for 12 hours at 165°F. 

Plate M (mat preform) This plate was processed 8/3/95. 
1. 

2. 

3. 

4. 

5 19 grams of NICOFIBERS' CONFORMAT N-751, A-glass mat was placed in the mold 
cavity. This weight of fabrics translates to a theoretical fiber volume of 32%, assuming a 
plate thickness of 0.25 inch. 
The mold was preheated to 180"F, a 25 in/Hg vacuum was pulled on the mold for 5 
minutes then turned down to 9 in/Hg for the start and duration of the resin injection cycle. 
The resin was degassed and heated to 160°F. Two 375 cc shots of resin, with a total fill 
time of about 600 seconds, were required to fill the mold. Pressure in the mold ranged . 

between 60 and 90 psi. By the end of the injection cycle the mold had cooled to 160°F. 
The mold was placed on its end and the resin was injected into the panel fiom the vent 
located on the vertical center line 1.5 inches fiom the bottom edge of the panel. 
The panel was cured for 12 hours at 165°F. 

EXPERIMENTAL PROCEDURES AND RESULTS 
Plate thicknesses and density 

had a depth measurement of 0.25 inch, the RTM plates were thicker and of non-uniform 
thickness. This is probably the result of bowing of the mold faces due to the pressure occurring 
during the fill process; recall the mold pressure reached 35 psi in the fabric plate and 90 psi in the 
mat pIate. Thicknesses of Plate F (fabric preform) ranged between 0.293 and 0.360 inch (average 
of about 0.3 1 inch), and between 0.278 and 0.336 inch (average of about 0.30 inch) for Plate M 
(mat preform). The plates were thinner toward the edges and thicker toward the center. These 
variations in plate and, therefore, specimen thicknesses mean that densities and material 
properties are nominal values based on estimated average thicknesses. 

The composite plates were measured for thickness and density. Even though the mold cavity 
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Nominal measured densities, based on plate and individual specimen weights and estimated 
volumes, are 1.72 g/cc for the fabric and 1.53 g/cc and for the mat composites. This corresponds 
to fiber volume fractions of 0.36 and 0.27, respectively. On the other hand, theoretical densities, 
based on the known weights of glass preforms and a plate thickness of 0.25 inch, are 1 .SO gkc 
and 1.62 g/cc for the fabric and mat composites, respectively. Note that the actual densities are 
significantly lower than the theoretical densities, a natural result of thicker than expected plates. 

Tensile Tests 
Flat dogbone tension specimens were machined to final nominal dimensions of 10 inches 

length and 0.85 inch width. In the reduced-size gage section the width was 0.75 inch and length 
was.2.75 inches. Specimens were from 3 orientations in plate: the 1-direction, 2-direction and 
45O-direction. The 1-direction coincides with the horizontal axis and the 2-direction with the 
vertical axis of the composite plate as it was being resin filled during processing. These two 
directions also coincide with the warp and fill directions (Oo,900) of the fabric preform. 

Specimens were instrumented with a 2.0-inch extensometer in the gage section to measure 
strain, a biaxial strain gage was used to measure Poisson's ratio. Testing procedures followed the 
guidelines in ASTM 0-638, the Standard Method of Test for Tensile Properties of Plastics. 
Tensile loads were introduced into the specimens at a crosshead speed of 0.20 inch/minute by 
means of wedge grips with serrated faces using a screw-driven Model 1 125 Instron test machine. 
All tests were performed at room temperature with all specimens loaded to failure. 

Typical stress strain responses are shown in Figures 1 and 2; values of initial elastic modulus, 
Poisson's ratio and stress at specimen failure are listed in Table 2. 

E-GLASS FABRIC PREFORM 

h-Direction 

30,000 

15,000 

10.000 

0.000 0.020 0.040 0.060 0.080 
TENSILE STRAIN 

Fig. 1. Typical tensile stress-strain 
responses of Plate F specimens. 

AGLASS MAT PREFORM 
18,000 1 

L 

' 16,000 -: 
14,000 -I 

12,000 -I 

-10,000 -: 
rn o. 

0 
0 $ 8,000 -1 

6 6,000 -: 

0.000 0.005 0.010 0.015 0.020 0.025 
STRAIN 

Fig. 2. Typical tensile stress-strain 
responses of Plate M specimens. 
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rable 2. Average tensile properties of RTM plates. 
PLATE F PLATE M 

E-GLASS FABRIC A-GLASS MAT 

NOMINAL DENSITY (g/cc) 

MODULUS (io6 psi) 
1-Direction, El 
2-Directiony 
45"-Direction, E45 

POISSON'S RATIO 
1-Direction 
2-Direction 
45"-Direction 

1.72 

2.9 (2) 
2.7 (4) 
1.4 (3) 

0.15 (2) 
0.15 (2) 
0.50 (1) 

1.53 

1.6 (2) 
1.5 (4) 
1.5 (3) 

0.37 (2) 
0.37 (2) 
0.31 (2) 

STRENGTH (ksi) 
1-Direction 37 (2) 10 (2) 
2-Direction 28 (4) 17 (4) 
45"-Direction 19 (3) 16 (3) 

iotes: 
1. Number in parenthesis is the number of data points used to calculate average values. 
2. Plate F I-direction and 2-direction specimens failed in the grip region; therefore, these values 

are lower bounds on the true strength of the composite. However, the Plate F 45O-direction 
specimens and all of the Plate M specimens failed in the gage section; these are valid strengths. 
There was some delamination in the Plate M I-direction specimens, whereas, the other Plate 
M specimens had no delamination. 

Note that the 1- and 2-direction moduli of the fabric composite are essentially equal. This is 
an expected result for a fabric composite having equal amounts of fiber reinforcement in the 
warp and fill directions. Strength values in these two directions are lower bounds and not the 
actual strength because the specimens broke under the grips and not in the gage section. The off 
angle properties of the fabric composite are reduced as evidenced by the reduction of modulus 
and strength in the 45" direction. On the other hand, the mat composite had equal moduli in the 
three directions tested; this is the isotropic elastic response anticipated. For unknown reasons, the 
strength of the 1-direction mat specimen was SignificantIy lower than the strengths in the other 
two directions and the failure mode was different. There was some delamination between the mat 
layers in the 1-direction specimens, but not in the 2- and 45"-direction tensile test coupons. 

Prediction of Modulus 

illustrated using micromechanics rule-of-mixtures and laminated plate theory. Due to 
uncertainties in actual fiber volume and thickness variations within a single specimen, and from 
specimen to specimen, this exercise is not expected to produce exact agreement between 
predicted and experimental moduli. 

FabricEpoxv Composite-- Unidirectional properties of an E-glass/epoxy single layer lamina 
can be estimated using rule-of-mixture equations [l], with input of fiber and resin properties and 

In this section, the estimation of the Plate F fabric composite elastic properties will be 
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fiber volume. The properties of a layered composite consisting of layers of unidirectional lamina 
can then be calculated using laminated plate theory [2], with input of the lamina properties and 
the orientation of the individual layers in the composite. For this example, a (Oo/900) layup of 
unidirectional layers is assumed to represent the fabric composite (Ann Sastry's work for the 
IMPReS programs discusses other models that could be utilized, some of which account for 
fabric construction). 

Rule-of-mixtures equations for the longitudinal and transverse moduli of a unidirectional 
layer are 

EL = Efvf + Ervr (1) 

where E is the modulus, v is the volume fraction and the subscripts f and r denote fiber and resin, 
respectively. Similar equations are available for ply shear modulus and Poisson's ratio. For 
example, Eqs. (1) and (2) yield EL = 4.5 1 x 1 O6 psi and 
fraction of vf = 0.4 and the fiber and epoxy resin properties in Table 1. 

Once the elastic properties of a single ply are calculated, the moduli of the crossply laminate 
can be predicted using laminated plate theory [2] (equations and calculations will not be shown 
here). Because the fiber volume is not known exactly for the fabric composite (it falls somewhere 
between 0.35 and 0.45), calculations were made for three different values of vc., namely, 0.35, 
0.40 and 0.45. The results of the composite moduli calculations for the 1-, 2-, and 45'-directions 
are plotted in Figure 3 as a f ic t ion  of vc. Also shown in Figure 3 are the experimental values of 
Plate F moduli. 

= 1.02 x 1 O6 psi for a fiber volume 

3.00 

1.00 

0.50 

0.00 

1 1.45 DEGREE MRECTIONl 

CALCULATEDMOWU F O R W  EGU\SSIEPOXYCOMPOSITE 

~~1-LZ-DlRECTION I 
3.50 

3.06 

0.35 0.4 
FIBER VOLUME FRACTION 

0.45 

Figure 3. Predicted moduli of a crossply E-glass/epoxy composite as a fbnction of glass fiber 
volume fraction. Calculations based on rule-of-mixtures and laminated plate theory. 
Experimental data shown are from Plate F fabric composite specimens of unknown 
fiber volume fraction. 

Inspection of Figure 3 shows that the experimental and predicted moduli in the 1- and 2- 
directions are in good agreement, provided the fiber volume fraction of Plate F is about 0.40. On 
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the other hand, agreement between experimental and predicted 45"-direction moduli requires that 
the plate fiber volume fraction be about 0.45. These results demonstrate that the rule-of-mixtures 
and laminated plate theory are useful tools for predicting the elastic properties of composites. 
Better agreement between experimental and predicted values are expected when more realistic 
rule of mixtures equations are used to model the fabric construction and when the fiber volume 
fraction of the material is known and is uniform throughout the plate. . 

pvlat/Euoxv Co mposite--No attempt was made to predict the modulus of the Plate M glass 
mat composite because we were not able to quickly put ow hands on a micromechanics strength- 
of-materials model for random planar mat composites. 

SUMMARY 
Tensile tests were performed on E-glass fabric and A-glass mat reinforced composite 

materials fabricated by the RTM process. Moduli, Poisson's ratios and strengths fiom three 
specimen orientations were measured for both materials. Experimental values of the fabric 
composite's moduli were compared to predicted moduli that were calculated using rule-of- 
mixtures micromechanics models and laminated plate theory. 

REFERENCES 
[I]. Robert M. Jones, MECHANICS OF COMPOSITE MATEMLS, SCRIPTA Book 
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