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Foster-Miller has developed a new process to provide through thickness reinforcement of composite
structures. The process reinforces laminates locally or globally on-tool during standard autoclave

processing cycles. Initial test results indicate that the method has the potential to significantly reduce
delamination in carbon-epoxy. Laminates reinforced with the z-fiber process have demonstrated
significant improvements in mode I fracture toughness and compression strength after impact. Unlike
alternative methods, in-plane properties are not adversely affected.

INTRODUCTION

Advanced composite materials such as carbon/epoxy are prone to delamination or splitting between the
plies caused by handling or service impacts. Delamination is often internal and is difficult to detect even
with sophisticated instrumentation. Critical components must be designed for conservative stress levels
because of the possibility of an undetected delamination. Preventing delamination or limiting propagation
under load would save weight through higher design allowables, and would reduce inspection, repair and

replacement costs.

Several approaches have been evaluated for improved toughness of composite structures. Approaches
evaluated to date often incur substantial cost to implement and/or result in significant reductions to in-plane

properties.

Foster-Miller has developed a new approach to through thickness reinforcement called the z-fiber process.
As will be shown in the sections which follow, this process has several desirable aspects including:

• No-dissimilar materials; through thickness reinforcements can match in-plane materials
• On-tool reinforcement with one side access
• Provides reinforcement locally or globally

• No specialized equipment required
• Compatible with existing tooling and process materials, equipment, and procedures
• Eliminates manufacturing steps (stitching or fastener installation)
• Potential for reduced fabrication, inspection, repair, and replacement costs
• Does not introduce any new or unqualified materials
• Increases interlaminar fracture toughness several times
• Significantly reduced delamination areas created by impact
• Minimal loss of in-plane strength

THE FOSTER-MILLER Z-FIBER PROCESS

To meet the need for control of delamination, Foster-Miller has developed a new process for inserting

through thickness fibers. The process converts a 2D prepreg layup to 3D on-tool with little or no change
to standard cure cycles. The process is illustrated in figure 1. A foam prefoam containing small diameter

rigid fibers is placed on top of the prepreg layup on-tool. During autoclave cure, the combination of heat
and pressure compacts the foam which transfers the fibers into the composite. The through thickness
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fibersareelasticallysupportedbythefoamtopreventbucklingduringinsertion.After cure,thefoarr
residueisremovedalongwith thebleederandreleaseply.

Thefoampreformsareproducedby specialtymachineryproducedbyFoster-Millerwhichcanbe
programmedto insertfibersin anydesiredpatternandspacing.Thefoamscanbeproducedin avari¢:tyof
thicknesses,fiber densities,andfibermaterials;andcanbethermoformedto conformto curvedsurfa:es.
Theprocesscanbeusedto attachsecondarystructuresduringtheco-cureasanalternativeto metal
fasteners(figure 2).

Foster-Millerhasdemonstratedtheeffectivenessof this technologywith severaldifferentprepregsystems.
AmongtheseareAS4/3501-6,IM7-8551,andFiberiteK641phenolicfor carbon-carbonapplicatiom,.
Theprocesscanalsoaccommodateseveralrigid rodmaterialsasthroughthicknessreinforcements.Y,iC,
Boron,30MSIcarbon/epoxy,andP-100/epoxy(for thermalapplications)rodshavebeenevaluateda:;
reinforcementmaterialsto date.30MSIcarbon/epoxyhasdemonstratedthebestfractureimprovementsin
epoxy systems.

Theability of thefoamto provideelasticstabilityto therodsallowstheuseof smalldiameterfibers. Our
baselinereinforcementis0.006inchesin diameterandis insertedat anarealdensityof 0.5%by areaor
200pinspersquareinch. Thesmalldiameterof thefibersandtheability to insertthematthepointof
minimumviscosityof thematrixsystempreventssignificantfiberdamagewhichcanleadto in-plane
propertydegradation.Smalldiameterfibersalsomaximizethelaminatethicknessto fiberdiameter(1/,:l)
ratiowhichis importantin thin laminateswheretheprimaryfailuremodeis fiberpull-out.

MECHANICAL PROPERTYEVALUATION

Themechanicalpropertyevaluationwasconductedto determinewhatbenefitsin fracturetoughnesscanbe
obtainedwith thez-fiberprocessandatwhatcostto in-planepropertydata. Statictensionand
compressionandmodeI fracturepropertieswereevaluated.

Effectsof z-fiberreinforcementon statictensionpropertiesarereportedby TableI. Testingwas
independentlyconductedbyRohrIndustrieson0/90wovenAS4/3501-5Afabric laminates.Baseline
0.006inch diameter30MSIcarbon/epoxyrodstockat 200fiberspersquareinchwasused.Reinforced
panelsexhibited98%of thestrengthandmodulusof controlpanels.

Effectsof z-fiberreinforcementoncompressionpropertiesis reportedby TableII. Testingwascondttcted
by LTV Aircraft Productsusinga4 inchx 12inchspecimenin a standardCSAI testfixture. Two
differentdiameterreinforcementmaterialswereevaluated.In bothcasesreinforcedlaminatesretainedall
of theirstrengthcomparedto unreinforcedlaminates.

Improvementsin modeonefracturetoughnessweredeterminedusingadoublecantileverbeam(DCB_test
specimen.In this test,the loadrequiredtopropagateafracturein peelis plottedagainstthetensiletes'ing
crossheadextension(figure3)of themachines.Theloadis reducedto zeroafterthecracklengthtra,,els
0.10inchesalongthespecimenlength. Loading and unloading are then repeated for several 0.10 incl"

crack increments. The area under the curve for each individual area (represented by cross hatch in figure
3) is used to determine mode one fracture energy G1C. The data plotted in figure 3 are for AS4/3501-5

laminates and compare unreinforced specimens with specimens reinforced with boron and carbon/epoxy
rod stock. Boron and carbon/epoxy reinforced specimens exhibited over two and seven times,

respectively, the fracture toughness of control laminates. The boron reinforced specimens failed by
fracture of the boron fiber. This is believed to be a result of the brittle nature of boron in bending.
Carbon/epoxy reinforced laminates failed from fiber pull out of the transverse fibers. This suggests if a
better bond between the transverse fibers and the matrix can be obtained, or if a high percentage of z-fibers
is used, even higher fracture values can be expected. A summary of the effect on mode one fracture
properties for 3501 and 8551 laminates is shown by figure 4.
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IMPACTTESTING

Testingof AS4/3501-6controlversusreinforcedlaminateswasconductedbothwith low velocity (drop
weight)andmediumvelocity(simulatedhailshot)impact.

Low velocity impact was evaluated using a 4 inch by 12 inch compression strength after impact (CSAI)

specimen. The impact energy selected for testing was 20 ft-lbs (approximately 1000 inolbs/inch). Two
rod stock diameters, 0.006 and 0.008 inch diameter, were evaluated against controls. Testing was

conducted by LTV Aircraft Products and the results are depicted by Table III. With both rod stocks close

to 50%, improvement in CSAI was achieved.

Higher velocity impact was investigated using hail shot testing conducted by Boeing Military Airplanes.
Eight inch square panels 0.125 inches in thickness were reinforced over a 5.25 inch square area about the
center of the panels (figure 5). Two types of reinforcement patterns were investigated; reinforcement over
the entire area, figure 5a, and reinforcement in a grid pattern, figure 5b. Areas of reinforcement contain
200 0.006 inch diameter fibers per square inch. The panels were mounted in a picture frame and impacted
with 1.0 inch diameter hail balls at approximately 500 ft/sec. The resultant area of delamination for each

panel condition was determined and is represented by figure 6. Area and grid reinforced panels,
respectively, exhibited 44% and 57% less delamination area versus controls for the same impact level. It
is theorized that grid panels were more effective because of the higher energy required to initiate
delamination as the fracture approaches each group of fiber rows.

CONCLUSIONS

The effectiveness of the z-fiber process in limiting delaminations and improving fracture toughness were
clearly demonstrated through the testing conducted. Also demonstrated was the advantages of this process
over alternative technologies in the areas of versatility, cost-effectiveness, and limit in in-plane property
degradation. In summary the Foster-Miller z-fiber process demonstrated in AS4/3501-6 laminates:

• Greater than 7.5 times increase in mode one fracture toughness
• 50% increase in CSAI

• 45-55% decrease in delamination area when subjected to 80 ft°lb hail impact

• No decrease in in-plane compression strength properties
• 98% retention of in-plane tension strength and modulus

The z-fiber process increases service toughness without increasing weight and with no introduction of
dissimilar or new materials. Manufacturers of composite structures will ultimately purchase preforms

which can be used for through thickness reinforcement. There will be no requirement for special
machinery, keeping application costs at a minimum.

ADDITIONAL APPLICATIONS

The z-fiber process is being evaluated for applications ranging beyond service toughness. Such
applications include tailoring of through thickness thermal conductivity, attachment of co-cured structures,
brazed attachment of carbon-carbon structures, sandwich core constructions, and improvements in

interlaminar tension strength.
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TABLE I. - STATIC TENSION DATA

._._ 0.165"

l] CONTROLS I %OF CONTROL

JJ UNREINFORCED 1REINFORCEDI RETAINED

II STRENGTH (ksi) 127 124 98

U MODULUS (Msi) 11.9 11.7 98

61 -FA-1

TABLE 1]. - COMPRESSION DATA

12"

I

r _

,_- 3.88" .._

'TT't'-'_ _-.25 REF

% AREA

CARBON/EPOXY Z-FIBER FAILURE % OF

Z-FIBER DIAMETER STRESS CONTROL

(pins/in?) (in.) (ksi) RETAINED

NONE NONE 92,080 ---

0.5 (196) 0.006 92,936 101

0.5 (100) 0.008 93,968 102

MATERIAL: AS4/3501-6

LAMINATE ORIENTATION:

[+45/02190-Z45102/90+45/02/90+45/02/+45/0/±45]S
OR 37.5/50/12.5 PERCENT 0/45/90

60-FA-1

TABLE gI. - CSAI DATA

% Z-FIBER FAILURE

Z-FIBER DIAM STRESS %

(pins/in 2) (in) (ksi) INCREASE

NONE NONE 29,267 -

0.5 0.006 43,738 49.4

0.5 0.008 43,000 46.9

MATERIAL: AS4/3501-6

LAMINATE ORIENTATION:

[+45/02/90+45/02/90/+45/02/90/+45/02/+45/0/+_45]S
OR 37.5/50/12.5 PERCENT 0/45/90

61 -FA-4
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1. PLACE RELEASE FILM AND Z-PREFORM y,'-%
ON TOP OF PREPREG LAYUP AND THEN BAG U PREPREG _" i,_

RELEASE FILM

2. DURING STANDARD CURE CYCLE, HEAT AND

PRESSURE COMPACT FOAM - FORCING THE

FIBERS THROUGH THE LAMINATE ®

3. REMOVE COMPACTED FOAM AND DISCARD
ALONG WITH BAGGING MATERIALS

80-100psi AUTOCLAVE

250-350 ° F STD. CURE
CYCLE

EMOVE AND DISCARD FOAM

_ ------

FIBERS

Figure 1. - Z-Fiber Process
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Figure 2. - Stiffener Attachment During Co-Cure
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Figure 3. - DCB Plots of Various Reinforcement Materials

2o

16

c5

2
8

la..

a

4

418

1.65

AS4/3501-6

12.82

777
/i/
/.//
///

///.

///
///
/.//.
///"
///
//-/

///
/'/.1
///
/7/"

//../
//"./
///
/-/./
/-//

20,88

z//
///

z//

///
///
/./1

///

,-/z
z.//
z//,

///
//-'/
///

3.06 ///

///

IM718551-7

61FA3

Figure 4. - Summary of Mode One Fracture Tesung
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5.25 x 5.25

REINFORCED

AREA

5.25 x 5.25

REINFORCED

AREA

UNREINFORCED

AREAS

PANEL DIMENSIONS - 8 x 8 INCHES PANEL DIMENSIONS - 8 x 8 INCHES

PIN SPACING - 200 PINS/INCH REINFORCEMENT DENSITY - 200 PINS/INCH

61 -JA-5

Figure 5a. - Area Reinforced Figure 5b. - Selectively Reinforced

Hail St_ot Panel Hail Shot Panel

Figure 5. - Hail Shot Panels
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Figure 6. - Trendsin Hail Shot ImpactDelaminationArea
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