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EXECUTIVE SUMMARY

The Industry Workshop for Online Composite Process Monitoring was organized by

NIST to stimulate inter-industry discussion and to guide the internal research program in the

Polymers Division on sensors and control in composite fabrication. To facilitate the

discussion a diverse group of 15 people, including 1 1 from the automotive, aerospace,

electronics, and construction industries, were invited and attended the meeting. The meeting

was purposefully restricted to a carefully chosen very small group because of the extremely

diverse nature of the topic and the concurrent desire to keep the discussion focused tightly

enough to provide maximum guidance to the internal research effort.

The most important conclusion of the workshop is that industry wants, foremost,

technology capable of monitoring and controlling both the resin cure state and the residual

porosity because these microstructural properties are difficult to control in practice, yet

strongly affect a broad range of end-use-properties. The aerospace and automotive industries,

however, emphasized resin cure and porosity differently due to their differing requirements

and manufacturing processes. For example, the rapid cycle time and lower performance

requirements of the automotive industry led to a higher emphasis on void content than on

resin cure state. Concurrently, the automotive industry also requires more robust and rapid

response sensors than the aerospace industry to make the required measurements.

Factors that were considered most important in selecting a sensor for manufacturing

composites were accuracy and cost, with durability also considered important. A number of

sensors were discussed in the workshop, with conventional pressure transducers and

temperature sensors ranked highest (tied), and the relatively new fiber optic sensors ranked

second. The commercially available ultrasonic and dielectric sensors were ranked

substantially lower. Although many interpretations of this result are possible, it may be

reasonable to conclude that industry demand exists for less expensive, more versatile sensor

technologies. During the workshop discussions, the potential for fiber optic sensors to

provide fundamental measurements in an unintnisive manner clearly excited the participants

with the possibility that such sensors could meet the accuracy, cost, and durability goals

simultaneously.

Once the broad topics were introduced and the preliminary discussions occurred,

important follow up discussions focused on the expectations of the industry participants for

sensor and control technology. Briefly, the responses were almost evenly divided between

the necessity to reduce part defects and to optimize processing, i.e. minimize cycle time.

These two responses are indicative of the differing business environments of the performance

driven aerospace industry and rate driven automotive industry. Thus, the “best” sensor and

control structures may be substantially different in different industries that use and

manufacture composite parts.
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OBJECTIVES

The Polymer Composite Group at NIST organized this focused workshop, held on

April 3-4, 1996, to bring together a small group of experts and interested researchers to

discuss the role of sensors and process control in composite fabrication. The workshop

addressed the applicability of recently developed sensors and process control methods in

fabricating high quality composite parts. In addition, the meeting discussed the role of

classic non-destructive evaluation (NDE) techniques in meeting current processing needs.

Although the technology in the areas of sensors and process control has been advancing

rapidly, this has often occurred without a clear picture of the opportunities and needs in

industries utilizing composites in structural applications. To discuss these issues the

workshop considered the automotive and aerospace industries as contrasting examples.

Automotive applications typically require high-speed, low-cost processing with the

production of preforms in rapid cycle time. In contrast, the overriding concerns in aerospace

applications are often high performance structural requirements. Therefore, stringent control

of microstructure is critical. The workshop used these industries as a baseline to discuss the

broad spectrum of composite applications.

The objectives in the meeting were to determine the role of sensors and process

control in improved fabrication of structural composite parts and to identify the technical

hurdles restricting the widespread use of these technologies. To accomplish this, the

workshop sought to determine the essential end-use properties that are not effectively

controlled with existing technologies, relate these end-use properties to critical

microstructural properties, develop a clear understanding of the industrial environmental

conditions in which in-line sensors must function, and determine the effect manufacturing

speed has on sensor, NDE and process control technologies. The results of this workshop

will also guide the development of a NIST research program in this effort. In addition, it is

hoped that participants would gain insight into this area for their own companies and also

explore collaboration opportunities with the NIST research effort.

BACKGROUND

In 1988 and 1990, NIST organized two industry workshops [1,2] to identify the most

important technical and scientific barriers to the implementation of composite materials in

commercial applications. The participants concluded that cost-effective processing was the

most important problem. Liquid Composite Molding (LCM) was identified as the

processing method with the most potential to address the fabrication issue for structural parts.

The second most cited issue was uncertainty about long term performance (durability). In

response to these challenges, NIST organized a major in-house research program. The initial

focus was processing science for LCM, but an effort on durability was subsequently added.

To update and redefine critical issues relating to specific aspects of processing science, NIST

has subsequently organized or co-sponsored three additional workshops. These meetings

included not only industry researchers but also government and academic scientists. The
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workshops [3] have discussed reinforcement/resin interactions during flow, preform

architecture and permeability, and heating and rheokinetic effects during flow. In addition to

flow related issues, high speed processing and the production of high quality preforms in

rapid cycle times emerged as critical issues in the automotive industry.

An important thrust in NIST’s in-house program is the development of flow models.

In recent years, the NIST modeling program has developed a simple model, for

uni-directional composites made by LCM, that describes the generation of voids and

porosity during mold filling. More sophisticated models, employing the Lattice Boltzmann

method, [4] are currently being formulated. During the last 3 years, the composite processing

program has focused on linking composite processing with the mechanics and durability of

the final composite part. The key to this link is a knowledge of the microstructure that is

generated during processing. The relevant microstructural features are believed to be, but

not limited to, voids, residual porosity, the resin/fiber interface, the state of the resin

chemistry, and the degree of crystallinity in those resin systems that crystallize. The

previously mentioned durability program, using primarily the single fiber fragmentation test

and the microdrop test, was implemented to address issues relating to the resin fiber

interface. This program focuses on adhesion at the resin/fiber interface, the durability of the

interface to water and common automotive solvents, and the relationship of single fiber

fragmentation results to full composite durability research.

Another important research area in the NIST program is process monitoring sensors.

The NIST focus is on the development of a versatile optical fiber sensor for measuring resin

cure, and other microstructural properties. This research program is an important key to

developing the link between composite processing and the mechanics and durability of the

final composite part. The sensor aspect of the NIST composites program has now developed

to the point where it is appropriate to seek input and direction from industry. This is a major

goal in this workshop.

INFORMATION SOUGHT

To achieve the objectives on page 1, the workshop format was formulated to address

the following questions:

(1) Which end-use properties are both desirable and difficult to control?

(2) Which microstructural properties are critical to end-use performance?

(3) What are the industrial environments in-line sensors must tolerate?

(4) What are the effects of manufacturing speed on the requirements for sensors,

NDE, and controls (i.e. what is the role of this technology in industries like

automotive where speed is critical)?
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These questions evolved from informal industry contacts who suggested that there

was a critical need for fast methods to assess voids, porosity and interface properties. It was

also proposed by these informal contacts that the measurement methods for on-line

monitoring, control, and optimization of composite fabrication by rapid processes, e.g. LCM,
must be rugged and fast. Since fast and rugged methods often compromise the quality of the

measurement, it was noted that the development of slower and more accurate techniques was

also desirable for calibration of the rapid methods and for use with slower fabrication

processes. Hence, the information sought in this workshop was structured to prioritize the

important microstructure features, determine the environmental factors that may inhibit the

successful implementation of sensors in rapid processes, and understand the impact of

processing speed on sensor requirements.

COMPOSITION OF THE WORKSHOP

A small group of experts from industry and academia were assembled to address the

above questions. To insure significant input from industry the selection process was targeted

toward industrial representatives who were experts in the area of rapid composite processing,

microstructural defects, and the implementation of sensors in the industrial environment.

Hence, 1 1 industry representatives were chosen from automotive, aerospace, electronics,

controls, and equipment manufacturing. To augment this group 4 representatives from

academia and research organizations were chosen based on their accomplishments in

pertinent areas. A full list of attendees is given on pages 7-8.

Several NIST personnel were selected to attend the workshop based on their

affiliation with the topics to be discussed. In addition, these personnel were selected to

insure the accurate recording of issues and solutions arising from from the workshop during

the presentations and discussion sections.

WORKSHOP PROGRAM

The agenda of this workshop is given on page 9, and began with an introduction by

Dr. Donald L. Hunston. The introduction was followed by presentations designed to evoke

participation in the discussion sessions which followed each topic area. The topic areas were

designed to answer one or more of the questions targeted in the information sought section of

this report. The presentation and discussion synopses, which follows the summary, reflect

the important aspects discussed in each topic area. Where appropriate, information has been

added by the authors of this report to enhance or clarify understanding of some of the main

issues. The slides used in each presentation are included in the appendix (page 25).
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In addition to the presentations and discussion section, a questionnaire, designed to

determine the views of the participants, was distributed. The results of the questionnaire are

on pages 17-19.
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SUMMARY

The Workshop first recognized that sensor and process control needs vary not only

from one industry to another but even for different parts within the same application.

Nevertheless, the attendees felt that they could identify general trends that run through the

majority of applications within a given industry. In the area of high performance structural

applications that typically occur in aerospace, the workshop concluded that the cure state of

the resin and void/porosity content are often the most important microstructural features.

The discussion mentioned delamination resistance and dimensional tolerance as important

properties affected by these features. It was stated that void/porosity formation is difficult to

control. Factors which have been shown to affect void/porosity formation are (1) presence of

moisture-humidity, (2) solvent content, (3) air entrapment, (4) incomplete fiber wetting, and

(5) poor tool design. In practice, void/porosity formation is minimized during processing by

controlling humidity, pre-preg tack, the pre-preg film process, and autoclave pressure.

Porosity has been shown to affect interlaminar shear strength and compression strength of

composites (see Figures 19-21, on pages 46-48). In addition, voids/porosity affect micro

buckling and longitudinal compression, since these properties are dependent on the stiffness

of the matrix (see pages 50-51).

In manufacturing processes employing rapid composite processing techniques, e.g.,

automotive, voids were considered the single most important microstructural feature that

must be controlled. Although, the manufacturing of structural parts in the automotive and

aerospace industries is driven by strength or stiffness factors, aerospace generally gives a

higher priority to weight savings. This additional requirement necessitates the optimization

of a structural composite to a higher level than is required in the automotive industry.

Therefore the resin cure state in automotive composite manufacturing processes is not as

critical as in aerospace applications. In the automotive industry cost per composite part is a

primary driving factor in determining the feasibility of utilizing a composite part. Flence,

rapid cycle times are critical to the manufacture of cost effective composites. As pointed out

in the presentation on “Critical Composite Properties”, the required liquid composite

molding cycle time is in the range of 1-3 minutes.

With respect to microstructural properties and related features, the workshop rated

residual cure stresses, rate of cure ,and moisture content equivalent in importance and ranked

third behind void/porosity content and degree of cure. In addition to the above features, the

dielectric properties of the resin, the presence of foreign materials, consolidation, fiber

wetting, and percent reinforcement and orientation were also mentioned as important

composite properties.

There was no clear preference with respect to off-line characterization techniques. Of

the seven techniques ranked by the participants, the ASTM void content procedure,

spectroscopic characterization techniques of raw materials and ultrasonic techniques were

slightly favored over the characterization of raw material processing characteristics by

rheological measurements, x-ray, and thermomechanical techniques. With respect to on-line

5



sensors, temperature and fiber optic, dielectric, and ultrasonic sensors were all considered

useful.

Ultrasonic sensors fall in the broad class of techniques used for non-destructive

evaluation (NDE), i.e. post processing and in-service inspection for flaws and defects. Other

methods included in this class are acoustic emission and various thermal, optical, and X-ray

measurements. NDE technology has been developed over many years and can contribute to

the process monitoring field in two ways. First, NDE experience can provide insight into

important microstructural features. Process monitoring often seeks to detect the same

features (i.e. flaws, defects, etc.) that are the focus in NDE. The objective in process control,

however, is to identify these features as they are formed during fabrication so the processing

cycle can be adjusted to minimize or eliminate them. The second area for input from NDE is

the measurement techniques themselves. Since NDE methods often measure the same

features of interest in process control, there is the potential to adapt NDE sensors for use as

process monitoring tools. For example, the presentation entitled “A Manufacturing View of

Adaptive Process Control” reported the implementation of an ultrasonic sensor in a

commercial fabrication facility. An adaptive process control system was used with the

sensor, and the resulting system significantly reduced the costs of producing compression

molded composite parts.

In the presentation on the “Impact of Preforms on Sensors” and subsequent

discussions, it was concluded that sensors which could determine the type of fibers, the fiber

orientation, and the fiber volume fraction at specific locations within a part would be

extremely useful for the production of preforms and composite parts. This is true across a

wide range of industries. In aerospace, the high performance requirements can only be

achieved if the fiber content and orientation is tightly controlled. In automotive applications,

on the other hand, the allowable variations are significantly greater, but these limits must be

achieved at very high fabrication rates. For example, the present goal in the manufacture of

complex automotive parts like a structural cross-member is to reduce the fabrication time

from 6 hours to 6 minutes.

The factors considered most important in selecting a sensor were accuracy, precision

and cost. Second tier factors were response time and sensitivity. Several participants

indicated that durability was also an important factor in the selection of a sensor. Of those

participants who ranked this factor, it ranked number one ahead of accuracy & precision and

cost. Most participants viewed the role of sensors in a manufacturing process as being two

fold. The responses were equally divided between reducing defects and optimizing the

process. Consistent with this result, it was stated in the presentation on “High Speed

Processing of Composites” that the role of sensors in the manufacturing regime is to (1)

improve process performance, (2) expand automation, (3) assure component quality, (4)

minimize value added scrap, (5) reduce costs, and (6) provide documentation. It was also

noted that for sensors to be successfully implemented in the manufacturing process they must

(1) survive the manufacturing environment, (2) have response times of < 1 minute, (3)

require low maintenance, and (4) be simple to operate.
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SYNOPSIS OF TOPIC PRESENTATIONS AND DISCUSSIONS

This section briefly summarizes what was said during the meeting. The agenda was

organized around six topics that relate to the four questions mentioned earlier. For each

topic, one or more presentations were given to stimulate thinking and then the meeting was

open for discussion with everyone given the opportunity to contribute. The first topic,

Critical Composite Properties and Microstructure, came from questions one and two while

the second topic. The Manufacturing Environment, relates to question three. The topic. High

Speed Processing of Composites, was taken from the fourth question. The final two topics.

Role of NDE, and Impact of Preforms on Sensors, are related to question four but are

broader than just high speed processing. The meeting concluded with a general discussion

and a summary of the results from the questionnaire given to each participant. A highlight of

the meeting was the description of a real success relevant to the topic of this meeting. It was

included in the presentation by Foster Lamm. He described the development of a sensor

based process control system and the transfer of this system to the manufacturing

environment.

Critical Composite Properties & Microstructure

A particularly crucial issue for the workshop was the identification of properties most

important for process control and the microstructural features that control these properties.

This topic which relates to the first two questions in the list was discussed first.

(1) Which end-use properties are both desirable and difficult to control?

(2) Which microstructural properties are critical to end-use performance?

Presentations were offered by Ken Kendall of Ford (see Figures 1-11 on pages 26-37)

and Tom Donnellan of Northrop-Grumman (see Figures 12-53 on pages 38-80) while John

Maguire of Southwest Research Institute moderated the discussion. Because the presenters

represented automotive and aerospace companies, the discussion was able to contrast the

needs and priorities for the two industries. This is useful since these requirements generally

bracket those for most other commercial applications of composites.

Automotive

With respect to composite manufacturing in the automotive industry, the importance

of sensors is to help reduce cost. This is accomplished currently by reducing cycle time. In

automotive applications, the materials requirements are stiffness driven. For structural parts

produced by rapid processing, voids and the resin cure state are the primary microstructural

properties that must be controlled to meet the stiffness requirements. Voids can have a

detrimental effect on the stiffness and durability of a composite part. Existing technology

indicates that void formation can be minimized by application of pressure at the appropriate

time during the curing cycle. As a result, for complex parts where the pressure and
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temperature may change dramatically throughout the part and during curing, continuous

monitoring of these variables would be very useful. In addition to thermocouples and

pressure transducers, dielectric sensors have been used in composite processing to monitor

the cure process. Because of the rapid cycle times, 1-3 minutes, in Liquid Composite

Molding (LCM), process control algorithms adjust process variables on subsequent parts as

opposed to making adjustments on the current curing part. Therefore, raw material stability

and control of the processing environment are important. In high volume processes, such as

LCM, there is a push to ensure product quality by guaranteeing the process. Advocates of

this viewpoint suggest that a cure standard, hence the need for appropriate sensors, and not a

time standard be adopted. Current methodologies, attempt to minimize the impact of cure on

the final composite part by post curing out of the mold and altering the cure kinetics when

possible.

The variation of temperature and pressure during LCM was demonstrated on an

experimental plaque mold (see Figure 1, page 27) fitted with temperature, pressure, and

dielectric sensors located at strategic positions in the mold. The importance of time

constants, response time, and measurement accuracy of a sensor was underscored by a

comparison of the temperature response curve from a “twisted wire” thermocouple and a

“metal sheathed” thermocouple (see Figure 2, page 28. In this comparison the “metal

sheathed thermocouple exhibited a much lower maximum temperature and different

temperature profile than the “twisted wire” thermocouple. Other issues concerning sensor

selection were mentioned briefly in the 1st LCM workshop report [3]. Also, the

through-thickness temperature variations in the experimental plaque are significant (see

Figure 3, page 29) and dependent on the location of the sensor within the mold. Hence, the

cure state of the matrix and matrix sensitive composite properties may not be uniform

throughout the composite part. In addition, the thermal and pressure histories measured in

the plaques made by resin transfer molding (RTM, see Figure 6, page 32) or structural

reaction injection molding (SRIM, see Figure 8, page 34) were found to depend on the

location of the thermocouple within the plaque. During RTM the temperature rise due to the

reaction of a polyurethane resin occurs at the plaque vent at least 15 seconds before the rise

at the plaque gate (see Figure 5, page 31).

In RTM the mold pressure is also dependent on the location of the pressure

transducer during the mold fill stage. However, during “pump-up” the pressure throughout

the mold became more uniform and by the end of the injection the pressure distribution

through the mold is uniform (see Figure 6, page 32). The pressure due to liquid resin

expansion is highest near the inlet (see Figure 7, page 33). Since variations in pressure and

temperature throughout the mold can affect void formation and the cure state of the resin, the

discussion and presentation highlighted the need for having unobtrusive sensors in the

manufacturing process to control the quality of the finished composite part.

Aerospace

Aerospace composite applications are currently focused in the following applications:

( 1 ) Highly loaded, primary structures and (2) Large and/or contoured and/or integrated

structures. The current process approach tends to be all experience based (trial and error).
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Therefore, making a composite part with a new material and/or part shape requires the

development of a new composite process. Unlike the automotive industry, composite

technology in the aerospace industry is focused on high temperature materials (e.g,

bismaleimides and polyimides (condensation)), tough materials (e.g., multi-phase prepreg

and materials which phase separate during the curing process). In addition, there is a driving

force toward low cost materials which meet the above requirements. As a result, the

manufacturing processes for these materials should be low cost (w.r.t. Fiber placement,

RTM, etc.) and integrated.

The current fabrication induced composite defects that are of concern to the

aerospace industry are: (1) porosity (voids), (2) delamination, (3) cure state, and (4)

dimensional tolerance. Since high temperature resins with complex cure kinetics are

normally used in aerospace structural composites the resin cure state may be more critical

than the presence of voids. Undercuring the resin results in a reduction in hot, wet properties

and overcuring the resin results in a decrease in toughness. The cure profile of the composite

resin can be affected by the variability in chemistry and age of the starting material as well as

by variations in tooling and autoclave loading. The cure profile of the composite resin is

controlled by process design, system thermal profiles, and material quality control. An
example of the effect of the cure rate on the gel temperature for a 16 ply 3501-6/T300

composite is shown in Figure 34, page 61. For this composite, reducing the heating rate

from 1.8 °F/min. to 0.5 °F/min. resulted in a reduction of 30 degrees in the gel temperature of

the resin. The effect of the change in the cure cycle on the compression after impact (CAI)

strength of an aerospace composite is shown in Figure 39, page 66.

Void formation is a concern because it affects resin dominated and fiber dominated

properties. Interlaminar shear strength, a resin dominated property, is adversely affected by

the presence of voids (see Figure 19-20, page 46-47). In addition, laminate compressive

strength, normally considered a fiber dominated property, is also adversely affected by the

presence of voids (see Figure 21, page 48). Longitudinal compression and microbuckling,

also considered to be fiber dominated properties, are tied to the dependence of the critical

lengths for shear failure and microbuckling in the composite matrix (see Figure 22-24, page

49-51). Since the matrix modulus is sensitive to void content, fiber dominated properties are

also affected by voids. Void formation is difficult to predict. The factors which contribute

to void formation are (1) moisture-humidity, (2) solvents, (3) entrapped air, (4) degree of

fiber wetting, and (5) tooling. Although voids are a problem, most of the composites are

made by autoclave processes and the appropriate application of pressure can usually

minimize the presence of voids. In addition, voids are also minimized by controlling

humidity, pre-preg tack, and the pre-preg film process.

Delaminations are considered a material specific effect. Because of its relationship to

buckling stability, delaminations have a large impact on compression dominated designs.

Delamination is typically controlled by good quality control, good tooling concepts, and by

controlling the process rates. The impact of single and multiple delaminations on

compression failure strain is shown in Figure 28, page 55. For example a single

delamination causes a larger reduction in compression failure strain than 2% porosity.
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The Manufacturing Environment

The requirements placed on a sensor and control system by the need to operate in a

real manufacturing environment were discussed in this topic which came directly from

question three in the list (see page 2):

(3) What are the industrial environments in-line sensors must tolerate?

The discussion was initiated with a presentation by Foster Lamm of United

Technologies Research Center (Figures 54-66 on pages 81-94) and moderated by John Fildes

from Basic Industry Research Laboratory. A major conclusion from the session was

summarized when Foster Lamm stated, “From a manufacturing view any new technology

must impact the financial side of the business. It is not sufficient to be Good Technology'"

There are two types of sensor configuration utilized in on-line process monitoring (1)

internal probes and (2) extrinsic (including non-contact) probes. The presentation in this

section focused on an ultrasonic sensor that was external to the processing environment (see

Figure 64 on page 92). This configuration resulted in the development of a reliable cost

effective sensor design. The presentation centered on the successful implementation of a

cost effective and supportable adaptive process control system to minimize the cost of

producing compression molded composites. In the conventional compression molding

operation the process requires a significant amount of process knowledge. In addition, the

process is ‘set point’ controlled and rheology must be run on every lot to confirm the state of

the process.

In the adaptive process control scheme, control of the process is based on the current

condition of the curing resin. The condition of the curing resin is monitored using an

ultrasonic sensor whose output is calibrated to viscosity changes in the curing resin. To
effect adaptive process control, the information from the sensor is analyzed using a rules

based approach. However, adaptive process control cannot make up for bad tooling and bad

starting materials.

Dielectric sensors are used in the development of structural parts for aerospace

applications. These sensors are also external to the process. The selection of the appropriate

sensor will depend on what is to be measured, the chemistry of the resin system, the curing

temperature, or the pressures used in fabrication the composite part. Once the appropriate

sensor has been selected, making good connections between the information provided by the

sensor and the properties of the part to be controlled is typically the major concern with all

types of sensors.
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High Speed Processing of Composites

For industries where production volumes are large, like automotive, the need for high speed

fabrication is essential, and this has consequences for the use of sensors. This topic relates to

question four in the list:

(4) What are the effects of manufacturing speed on the requirements for sensors,

NDE, and controls (i.e. what is the role of this technology in industries like

automotive where speed is critical)?

Thinking in this area was stimulated by a presentation from Bruce Greve of the Budd

Company (see Figures 86-1 1 1 on pages 115-141), and the discussion was moderated by

Richard Pamas of NIST.

Currently SMC products, such as hood, trunk lids, etc., have the highest yearly

volume. However, these parts tend to be of very low structural complexity. Liquid molding

parts {e.g., passenger compartment body frames, pick up truck cabs, floor parts, and body

side operatives) span the range of structural complexity, but have low yearly production

volumes. The market is currently moving toward high structural complexity liquid molded

composite parts with a significant increase in yearly volume.

The role of sensors in this manufacturing regime is to (1) improve process

performance, (2) expand automation, (3) assure component quality, (4) minimize value

added scrap, (5) reduce costs, and (6) provide documentation. For sensors to be successful,

they must (1) survive the manufacturing environment, (2) have response times of 1 minute or

less, (3) require low maintenance, and (4) be simple to operate. Sensors are typically used to

monitor fabrication equipment and the component that is being fabricated. With respect to

the fabrication equipment, sensors are commonly need to monitor pressure, vacuum,

temperature, component ratios, and cure time. Component monitoring, which has been more

widely discussed at this workshop, involves the measurement of the following parameters:

(1) weight, (2) void content, (3) glass content, (4) degree of cure, (5) dimensional accuracy,

and (6) assembly accuracy.

Although esthetic quality requirements are more stringent for appearance parts than

for structural parts, there is a need for void detection sensors in foam core structures. In

addition, there is a critical need for sensors that can inspect preforms and determine the fiber

orientation and the amount of fiber present.
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Role ofNDE

The field of NDE is well established, and this experience has much to offer the area

of on-line process monitoring. Consequently, this topic is appropriate for this meeting. It

relates to the fourth question in the list but is considerably more general:

(4) What are the effects of manufacturing speed on the requirements for sensors,

NDE, and controls (i.e. what is the role of this technology in industries like

automotive where speed is critical)?

The discussion began with remarks from Boro Djordjevic (see Figures 67-85 on

pages 95-1 14), and the discussion was moderated by Robert Green, both from The Johns

Hopkins University.

Classic NDE focuses on characterizing flaws and other defects in a part after

fabrication and during its service life. In recent years, however, the distinction between this

and on-line monitoring has begun to blur because the information sought and the

measurement techniques used for the two applications strongly overlap. Historically, NDE
has used a broad range of sensors including ultrasonics, acoustic emission. X-ray, and optical

or thermal methods. More recently, studies have added laser ultrasonic, x-ray tomography,

holography, etc. (see Figure 69 on page 98 for other NDE techniques). The NDE
technologies are particularly adept in detecting defects such as delaminations, porosity,

voids, misoriented fibers & plies, etc. (see Figure 68 on page 97 for other examples).

Parameters and properties of organic matrices that are amenable to process control are shown

in Figure 70, page 99. Devices that have been targeted for organic matrices are shown in

Figure 71, page 100. One important consideration for any measurement technique is that the

detection sensor should cause minimal interference in the fabrication process. A second

critical issue in process monitoring is what features in the material are important and which

process variables can be controlled.

A promising technique for process monitoring is embedded acoustic sensors. They

fall into three classes (1) bulk wave
, (2) surface wave, and (3) guided wave sensors. The

latter is dependent on the material geometry. Another promising technology is fiber optics

using evanescent wave absorption (see in Figures 72 & 73 ,
page 101 & 102.). Other

emerging techniques that have the attractive feature of non-contact measurements are

ultrasonics with laser generation and detection, gas coupled ultrasonics, and microwave

sensors (see Figures 79-84. on pages 108-113). Recall that in the previous presentation the

ultrasonics sensor utilized in that process was a non-contact ultrasonics sensor.
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Impact ofPreforms on Sensors

Preform manufacturing is a critical issue not only for high speed fabrication but for

the entire range of applications with LCM, RTM, and structural reaction injection molding

(SRIM). Since sensors could have an important role in this topic, it was discussed at the

meeting. A presentation by Daniel Buckley of American GFM (slides not available)

introduced the area, and the discussions were moderated by Richard Parnas of NIST.

The technology developed by the aerospace industry to meet stringent performance

criteria in composites is being applied to the manufacture of sporting goods equipment.

Current automotive technology in the making of structural cross-members requires 6 hours

and 3 people. Because this industry is cost driven, the present goal is to make this part in 6

minutes.

Preforms tend to fall into three categories: (1) foam core, (2) shells - random fibers,

and (3) woven fiber mats. A number of promising new techniques for preform

manufacturing are under development. The conventional spray up method is labor intensive

and does not provide good control of fiber orientation. An automated version sometimes

called the directed fiber process is now being tested, and this should be a significant

improvement. Another new method is the slurry process. In this approach, the

reinforcement is suspended in the slurry and gets deposited on a screen when the slurry is

forced through the mesh. Proper application of this method results in rapid production of a

rigid preform with semi-random orientation. As with spray up techniques, the challenge is to

obtain the proper density and orientation of the fibers in a preform with good dimensional

control. If the final preforms must be trimmed, this adds cost. The automotive industry is

pushing for net shape preforms.

Thermoforming is another fabrication method that is under study. In this technique,

control of fiber location and orientation can be a problem if the shapes are complex. Much
of the work to date has involved random orientation of the fibers, and this generally limits

the preforms that are made to non-load bearing applications. A final example of a new
fabrication method is called the “compform” process. It incorporates high speed ultrasonic

cutting to generate pre-cut shapes that are placed into a compression tool. A binder that can

be UV cured is partially reacted to produce rigid preforms. This process has been used with

a variety of reinforcements, i.e., glass, Kevlar, and carbon.

With any of these approaches, it is critical to assess and control the fiber type,

density, and orientation at each location in the preform. A sensor and control technology

which could do this would be a major advance in the field.
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Results of the Questionnaire

To get a clear view of the attendee’s opinions on critical issues, a questionnaire was

distributed to each participant (excluding the NIST attendees) at the beginning of the

meeting. These forms were completed during the course of the conference, and a summary

of the results was presented in the discussion period. The tabulated results which are given

on pages 18 and 19 show that the participants represent a variety of industries. Among the

attendees, 65% indicated that they are currently using sensors in some form. With regard to

microstructure, a wide range of features were viewed as important but void content and

degree of cure ranked highest. Off-line characterization tools were also widely used.

Although ultrasonic inspection and spectroscopic examination of raw materials were highly

cited, a broad range of tools were considered important. Not surprisingly, the workshop

listed temperature and pressure probes as the most widely used on-line sensors. This

undoubtedly reflects the current availability of these technologies, and the fact that they

measure the variables that can be controlled. Nevertheless, the results also show a strong

interest in sensors that measure the “state” of the material and not just the processing

environment.

When ask what was most important in a sensor, the response indicated that the sensor

must be rugged and provide reliable data. Without this, other factors such as speed, cost, and

sensitivity do not matter. If a sensor meets the rugged and reliable criterion, cost was ranked

as the next most important consideration. Reasons for using a sensor varied widely which

probably reflects the diversity of problems associated with the broad range of applications

for composites. Finally, when ask to indicate what part of the process they would most like

to control, the attendees listed all aspects as important, but ranked raw materials quality and

cure as the highest priorities.
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Results of Questionnaire for

Industry Workshop for On-line Composite Process Monitoring

( 1

)

What Industry Segment do you represent or would like to respond for?

(1) Aerospace 38.4% (4) Construction 7.7%

(2) Automotive 23.1% (5) Other 23.1% Manufacturing: Controls: Research

(3) Electronics 7.7%

(2) Do you or your Company use sensors or would like to use sensors?

Yes We are Currently Using Sensors 75%
Yes We Would Like to 25%
No 0%

Rank Numerically the responses in each of thefollowing questions with 1 as most

important

Tabulated values represent the average rank based on participant responses.

(3 ) What microstmctural properties of the composite do you think are most important in

your company’s application? (Please Rank)

2.3 Degree of Cure

1.7 Void Content

3.4 Residual Cure Stresses

3.6 Rate of Cure

3.6 Moisture Content

4.7 Temperature Profile during Cure

6.0 Refractive Index

3.4 Other (Specify") Viscosity. %
Reinforcement. Consolidation.

Customer Specs: Foreign

Materials

(4)

What Off line Characterization Techniques do you consider important? (Please Rank)

2.9 ASTM Void Content Procedure 2.1 Ultrasonics

2.3 Spectroscopic Characterization of Raw Materials 3.4 Digital Shearography

4.1 Electronic Speckle Pattern Interferometry (ESPI) 4.9 Dye Penetrant Techniques

3.6 Thermal Techniques (e.g. SPATE & Thermal Conductivity)

__ Other (Specify") x-Ray. Thermomechanical Analysis. Mechanical Testing.

FTIR/Optical Time Domain Reflectrometry. DSC. DMA
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(5)

What type of on line sensors do you think are most useful to the manufacture of

composites in your company’s application? (Please Rank)

2.8 Dielectric Sensors 2.3 Fiber Optics Sensors

3.0 Ultrasonic Sensors 2.0 Temperature Sensors

2.0 Other (Specify^ Pressure Transducers ^
(6)

In a sensor what do you consider important? (Please Rank)

3.6 Response Time 4.6 Sample Size

2.9 Cost 3.9 Sensitivity

2.1

Accuracy & Precision 4.8 Range

2.0

Other (Specify) Durability. Reliability: Survivability

(7)

Why would you use a sensor in your manufacturing process? (Please Rank)

1.6 Reduce defects 2.0 Optimize Processing

2.5 Reduce Scrap

3.3 Relax raw material specifications or overcome variability in raw materials

2.0

Other (Specify) Process Control. Rate

(8)

What part of the production process do you consider most important to control?

(Please Rank)

2.2

Quality and physical properties of raw material feed

3.1 Controlling the production environment (humidity, temperature)

2.2 Controlling the cure process

3.8 Controlling the mold preparation step

3.3 Controlling the mold filling step

3.0 Other (Specify) Microstructure. Dimensional Tolerance. Control Entire Process
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Summary Discussion Session

The closing discussion addressed three issues in some detail. The format involved

offering a question which elicited a series of responses, comments, and sub-questions from

attendees.

The first issue considered was Preforms.

Question: What do we want to measure?

~ Permeability. This cannot be measured directly with an on-line

sensor, but we can measure the factors that control or influence

permeability such as

~ Thickness of final preform

Comment: Control of preform thickness is a tooling problem

~ Preform deformations during injections

~ Difference in volume fraction and orientation around curve

~ Contour changes and shape changes {i.e., sense geometry of

preform)

~ Ply orientation. This affects permeability but also directly controls

important properties in the final part

Issue: Do we have the right amount of material where we
need it? Metal or tracer fibers in rovings can be used

to follow the orientation.

Query: Is orientation part of the process and more

importantly is there variability in orientation?

Response: Yes, but orientation is usually too complex to deal

with so we often just try to over design the part and

cross our fingers!

~ Preform integrity - are the fibers where we need them?

Comment: Determination of biaxial or triaxial, orientation is a

very complex problem. It is often circumvented by

over designing the part.

- Mold closure operation can be an issue since it can change fiber

position and orientation
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Question: If we measure one thing on a preform what would it be?

~ For virtually all applications we want to know fiber volume fraction.

Comment: In processes such as RTM, the overall fiber volume

fraction is dictated by the mold and preform, but can still

vary from one location to another. We need to know the

fiber content in critical regions not just the overall

average.

~ In high performance composites, fiber content is not adequate,

orientation of the fibers is also critical.

Comment: The aerospace industry buys preforms and hopes they

conform to specs. Unfortunately, preforms can be quite

variable.

Query: Would 3-D image microstructure be useful ?

Response: Yes

The second area discussed was the Molding Operation

Question: What end use properties of the composite are both desirable and
difficult to control?

In Aerospace these properties are:

~ Compression strength. It depends on features like voids and porosity.

Comment: Post processing inspection for voids is well established.

We can use C-scan, ultrasonics, and X-Ray tomography.

On-line detection would be very useful.

Process variability can cause changes in porosity, and this

is more difficult to detect. Advances here would be very

desirable.

~ Fiber waviness in thick composite

Comment: Tracer fibers can be included and examined in post

processing inspection, but fiber waviness cannot be detect

if it is less that 2-3% in a 500 ply lay up!

Query: Is waviness a random event? Where is it critical? Where

will it occur the most?
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Response: Known sources include (1) comers where lots of

plies come together, (2) areas with large flow

gradients during processing, (3) poor

manufacturing of a preform, and (4) deformation

during mold closure.

~ Cure level

In Automotive these properties are:

~ Voids

^ Resin rich areas

~ Loss of architecture

Comment: The problems with aerospace and automotive are similar

here.

Query: But what about processing speed?

Response: This increases the problem for applications like

automotive but usually these applications also have less

severe performance requirements.

~ Gel time control is critical because it controls when the mold can be

opened and therefore cycle time.

~ Fiber wetting is particularly important in fast processes

Comment: Even in a slow process like vacuum infiltration molding,

fiber wetting can be a concern.

~ Microstructure of interface

Comment: Drzal s work shows that fiber-polymer bonding is a

function of many things: processing speed, sizings, etc.

~ Resin cure

~ Exotherm and temperature control is still a problem is thick

composites.
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The final issue discussed was the Industrial Environment

Question: What characteristics must a sensor have if it is to be used in an

Industrial Environment?

~ A sensor must be transparent to the process.

~ Embedded sensors usually appear to be inclusions (Hence, thin

sensors must be developed)

~ Sensors are needed that have a strong application to physical properties
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Data

Cylindrical voids

Sphencal voids

ICAN

99% Confidence limits

ILSS as a function of void content for 60 v/o AS/PMR-1 5 unidirectional com-

Cp^./

TMHii C(^j<o

47



Figure 21
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Figure 29
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Figure 3-9. MtiM Buckling of the OeUmiootiofi foUomed ty
ChUiBucktingifoUureModedl

Fi»trt3-I0- Loal Buckling (Ftilun MoOr Si
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strength,

ksl

(MPa)

Figure 30

Delamination width, a, in (cm)

Figure 3-24. Influence of Boundary Fixity on Laminate Static Strength
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Figure 36
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Figure 38

977-3/IM7 LAMINATE Tg DATA

2 Hrs./180°C

Cure 2Hrs./180'’C 6 Hrs./180°C 2 Hrs,/200°C

Dry Flex Tg. '’C NA 215 215

Dry DMATg, °C
- G' 164 186 180

G“ 180 185, 231 193, 240

Tan Delta 177, 203 186, 239 195,242

Wet DMATg, °C

G’ 141 165 145

G" 154, 177 185, 190 160, 198

Tan Delta 157, 188 186, 202 166, 198

Note:

Wet = 48 hr. water boil

FIBERITE-
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Figure 39
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Figure 40

ppl»iPi)?piMgiepo^^iaap8BTC!»i!fe»

::2 iC^yUNTO^I^lC^iS^iili#
hold i3s;a until rc=3o^
POSTCURE 2:2s HRS. AT 250*0.
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Factors

Contributing
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Figure 42
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Effect
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on
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Volume

Changes
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AS4/3501-6
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Figure 43
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Angle

Comparison

Figure 44
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TYPICAL

SKifi

DELAMINATION

Figure 45
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Background

Figure 48
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Figure 49
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Dielectric

Figure 50
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Figure 51

0

0
C
c
03
JZ
O

c
0
E
CL
O
0
>
0
a
C .ti

0 0
0

o
0 0

0
-Q

E £ x_

t-

3
v—
o
0
f—

0
CL

c
0
CO

o0

0 .

0
O)
c
0

o
0
c

0
E

CD c 0 c 0 CO -J 0 0
CO
0

*0
0

u.
3

0
CO
O
C o0

0
JQ

CO

0
CO

0
0 CC 0

k.
0

0
3

o
*0

c
0

0
o

u.
3o

JI

CO
c
*0

0^

3
0

CL
E
0
H-

0
0
0
CL

c
0
X
UJ

0

3
c
O
c

X
0
T3
c

c
“D
0
0

cc
0
CL O .o .9

o 3
•D
c
0

E
0H

Q.
O

Q.
O
\

Q.
o
\

Q.
0

1

0
*1

>
O
frt

0m
>%

"O r: 0 0 0 0 Lj vU 0
’o 0 jD JD jD JD o %
> 0. Ll U- Ll Li. Z DC

0 • •

0

C
o

0
Q c

0
E

0
O)
0

*4—

*

o
"0
O Q. C

0
c ’3 >
3 *u. CT *D
LL o LU <

78

Disadvantages;

Extension

Cables

Must

Be

more

Durable



Real-Time

Autoclave

Control

Benefits

Figure 52
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SENSOR

SYSTEM/CONTROL

SYSTEM
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Figure 53
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Figure 54
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Figure 55
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ADAPTIVE

Figure 59
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90



DumaHOs

Figure 63

91



Figure 64

92



RULE

BASED

TEMPERATUI^U

YCLE

Figure 65

(j S9<i) ajiueJddmdx ssqoojx

(OQsn/sfnn) p^dds punos

93

COMTI



EMBEDDED

PROCESS

RULES

Figure 66

94



b* ^O O

a B
t S
2 n
o <
o A
CQ
CQ

PeI

O CQ

o 9^ &

^ oS O

Pe)

Q
(M
o

o

(U

;h

rs

(D
(D

O
Qi

CO
q:
0.

Cji

O
a:
CL
^—
CO

95

The

Johns

Hopkins

University



Composite

Process
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and
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Figure 67
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DEFECTS

IN

COMPOSITES

Figure 68
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Figure 70
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