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Abstract-At present, Poly-p-phenylene benzobisoxazole
(PRO) fiber isone of the most preferredreinforcementmaterials
for magnet.However, the poorinterfaceperformancebetweenthe
PRO fiber andresinmatrix has becomethe bottleneckof the pulse
magneticfield intensity improvement.Surfacemodificationof the
PRO fiber may be an effective way tosolve this problem.In this
paper,PRO fibers were treatedby atmosphericdielectric barrier
discharge(DRD) in air underdifferent treatmenttime. It is found
that when the dischargepower density remainedunchangedat
8.49W/cm2, the optimal treatmenttime is60s. In this case, the
shearstrengthof PRO fiber-resininterfaceincreasesup to 52.77%
comparedwith the untreated,while the tensile strength of fiber
monofilamentonly decreases4.73°/0.The plasmatreatmentresults
ina large numberof deeppits andprotrusionsonthe surface of
PRO fibers and a significant increasein roughness.The relative
content ofC element on the surface of PRO fiber decreases
significantly, the contentof 0 elementincreasesobviously, andthe
contentofN elementincreasesslightly. Polar groups-O-C=N-and
-C=O-areintroducedthroughgraftingcopolymerizationreaction,
which enhancesthe chemicalactivity andwettability of the fiber
surface. All of these contribute to the interfacial shearstrength
increasebetweenthe PRO fiber andthe resin.

Keywords-PBO fiber; surface performance; DBD; optimal
treatmenttime

1. INTRODUCTION

Pulsed high magneticfield,asan extremecase technology,
iswidelyusedinthefieldsof magneto-optical,microwave
conductivity, magnetization,specific heatandsoon[1]-[3].
However, the mechanicalstrengthofthe pulsedmagnetusedto
generatethe pulsedstrong magneticfield becomesthe biggest
obstacleof expandingofthe magneticfieldstrength.Thepulse
magnetismainly composedofwire winding, insulation layer
and reinforcementlayer.Theearly magnetismainlymadeof
high performanceconductor materials suchas copper wire,
metal-based micro-composite copper/niobium alloy,
copper/silveralloy.[4],[5] However, the conductivity ofthe
conductor materials decreases withthetensile strength
increasing.Besides, for pulsed magnetsgeneratingmagnetic
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field intensity ofmorethan80T,the electromagneticstress
insidethe magnetwindingscanreach3~4GPa, which cannotbe
borneby current conductor materials. LucVan Bockstal
proposedlayered reinforcement technology to optimize the
stress of each layer of conductor windings, which greatly
enhancedthe mechanical properties of conductors without
affectingtheir electrical conductivity [6]. Fiberglassreinforced
resin matrix compositematerials,carbonfiber,PBOfiberand
othermaterialswereusedto strengthenpulsemagnets. Because
offiberglasscouldnot matchingwith copper/niobiumalloyand
copper/silveralloywellandpoor insulation of carbonfiber,
PBOfiber becomes thefirstchoicefor strengtheningpulse
magnets.[7],[8] However, smoothsurfaceandpoor chemical
activityofthefibermaketheresin matrix unableto infiltrate
fully, which isnot conducive tothe internal reinforcementof
pulse magnet[9],[10]. Therefore,itis necessarytomodifythe
surface properties ofthePBOfiber.

At present, the commonly used modification methods
include usingthe chemical etching, coupling agentlayer,
copolymerizationmodification,radiationmodificationandlow
temperatureplasmatreatment[11]-[15]. Comparedwithother
methods,low temperatureplasmatreatmenthasthe advantages
ofno pollution, high treatment efficiency, lowenergy
consumption andlowcost,whichhasagood prospect of
industrialization.[16]-[19]Inthispaper,an atmosphericDBD
wasusedto conductthe surfacemodificationofthePBOfiber
inaircondition.Thesingle filamenttensile strength(SFTS)and
the interfacial shear strength (IFSS) betweenthefiberandthe
resinwere tested underdifferent treatmenttime. Atthesame
time,the surface morphology,roughnessandthe compounds
changingwereall testedtoaddressthe relatedmechanism.

II. MATERIALS ANDMETHODS

A. SamplePreparation
ThePBOfiberusedinthis paper is producedbyToyo

TextileCo ., LTD . ThePBOfiberswere dividedinto30cmlong
fiber bundle andputintoa stainless steel container with
acetone.After soakingfor48h,the residualslurryandacetone
were cleanedwith ultra-purewater.Then,thePBOfiberswere
driedina drying ovenat 110"C for2hforthe subsequent
experiments.
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Fig.l. Experimentalsystem.
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Fig.4SEMresultsofPBOfiber underdifferentplasmatreatmenttime.(a)
Untreated;(b)20s;(c)40s;(d)60s;(e)80s;(f)100s.

Thesurfaceofthe untreatedPBOfiberissmoothandonly
afewshallowstreaksand microprotrusionsasshowninFigure
4(a).From Fig.4(b)-(f), itcanbeseenthatasthe plasma
treatment increased from20sto40s,thesurfacebecame
uneven,thenotchshape expandedandsmall numbersofnicks
wereproduced;withthe treatmenttimeupto60s,manygrooves
and sediments appearedonthesurface,andtheunevenarea

III. RESULTS AND DISCUSSION

(e) --
Fig.3.AirDBD plasmadischargepictureatdifferentdischarge power

densities.(a) 2.83W/em' ;(b) 5.66W/em' ;(c) 8.49W/em' ;(d)

11.32W/em' ;(e) 14.l5W/em'

C. Material Property Test

After plasma treatment, the physical and chemical
characteristicsofPBOfiberweretested, including scanning
electron microscope (SEM, Sirion 200),atomicforce
microscopy (AFM, SPM9700) andX-ray photoelectron
spectroscopy (XPS, AXIS-ULTRA DLD-600W). The
mechanicalpropertiesand reinforcementperformanceofthe
fiberwerealsotestedbysingle filamenttensilestrength(SFTS)
andinterfacial shearstrength(IFSS) experimentswith YG163
electronicmicrospheredebondingtester.

A.The Effect ofPlasma TreatmentTimeon Characteristics of
PEG Fibers

Thesurface morphologyofPBOfiberswas observedby
scanningSEMandAFMasshowninFigure4and Figure 5,
respectively.
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Fig.2. The Relationshipbetweendischargepower density andtheinput
voltage.

Figure3showsthe discharging imagesat different
discharge power densities.Theoverall performanceofthe
plasmaiswhiteandpurple . Its luminescenceintensity increases
withthe dischargepowerdensityandthe dischargeareashows
atrendof expansionasthepowerdensityincreases.

Duringtreatment,the pretreatedPBOfiberswere placedin
themiddleofthe discharge gap under atmospheric
circumstances withthe power source parametersof20kHz
frequencyand 8.49W/ em' powerdensityfor20,40,60,80
and100streatment,respectively.

MFC

B. ExpermentalSetup andTreatment

An Atmospheric DBDwasusedtotreatthePBOfiberin
thisstudy,andthe ambientairisusedasthe working gas.The
experimentalsystemisshowninFigure1 . Thesystem consists
ofDBDdevice, powermonitoringsystem, emission spectrum
measurementsystemandgascontrolsystem.The electrodein
theDBDdeviceisaround copperwitha diameterof30mm.Its
surfaceis coveredbyaquartzglasssheetwitha thickness of
lmm anda diameterof80mm.Thegap betweenthe electrodes
isfixedatlmm.TheDBDdevicewasdrivenbya20kHz
frequencyhighvoltageAC power supply.The dischargeand
fiber processingwere carriedoutina plexiglasschamber.The
dischargeimagewereshootbydigitalcameraNikonD750with
1/15sexposuretime. The powerdensitywas mesuredbyusing
Lissajous method.

The relationshipbetweenpower densityandinputvoltage
isshowninFigure2.Ascanbeseenfromthefigure,the plasma
dischargepowerdensitygradually increaseswiththe increase
oftheinputvoltage.

IS-r---------------------,
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extendedtotheentiresurface;afterthefiberswere treatedby
80s,thecortexwas partially shed,formingdeepgroovesalong
theaxial direction ofthefibersand producingalarge number
ofcorticalfragments;withthe treatmenttime extendedto100s,
thecortex basically disappeared,the plasmadirectlyactedon
thecorelayer, roughness ofthefibersurface increased
significantly.TheAFMresults of three-dimensional
morphologyoffibersurfaceare consistentwiththeSEMimage
results.

The chemicalcompositionandcontentonthesurfaceofthe
PBOfiberwere obtainedbyXPS.Theoverallresultsareshown
inFigure6.Theintensity of the characteristicspectrallinesof
eachbasic element changed significantly after plasma
treatment.The relativecontentofeach elementwas obtainedby
integrating thearea enclosed byits characteristic peakand
baseline,asshowninTable2 .

Table2 Chemicalcompositionandrelative contentofPBO fiber surface
at differentplasmatreatmenttimes.
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(l)

Fig.5AFMresultsofPBOfiber underdifferentplasmatreatmenttime.(a)
Untreated;(b)20s;(c)40s;(d)80s; (f) 100s

Inordertofurther quantitativelycharacterizethe roughness
offibersurface,the roughnesswere calculatedaccordingto
Equation(l) and(2).TheresultsarelistedinTable1andshow
thatthesurface roughnessandtherootmeansquare deviation
roughnessofthePBOfiber increasedsynchronically withthe
treatmenttime.With plasmatreatment,the roughnessincreased
from l41.943nm(untreated)to273.195nm (lOOs).

(2)

Table1The surfaceroughnessofPBOfiberat different treatmenttime

Treatmenttime/s Mean RootMeanSquare
Roughness/nm Deviation Roughnesslnm

Untreated 141.943 165.921

20 163.857 190.440

40 178.039 207.079

60 195.738 227.859

80 226.133 263.057

100 273.195 319.214

Fig.6XPS Results ofPBO fiberunder differentplasmatreatmenttime .
(a)Untreated;(b) 20s;(c) 40s;(d)60s;(e)80s; (f) 100s.

After20s plasmatreatment,the contentofC elementonthe
surface ofPBO fiber decreasedfrom79.3%to75.0%,andthe
contentof 0 andN elements increasedto18.8%and6.2%,
respectively. Theratioof OIC andN/C wereboth higherthan
thoseof without treatment.Withthe extension of treatment
time,the content ofC element decreasedsignificantly, the
contentof 0 elementincreasedcontinuously,butthe contentof
N elementincreasedslightly.Whenthe treatmenttimewas60s,
the contentofC elementreachedthelowestvalue,the content
of 0 elementandN elementincreasedto5.7%and9.5%,and
theratioof OIC and N/C reached themaximum.Asthe
treatmenttime continuedtoincrease,the contentofC element
increased,whilethe content of 0 element andN element
decreased.Whenthe treatmenttimewas100s,the contentofC
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element increasedto70.9%,the content of 0 elementandN
elementdecreasedto21.7%and7.4%,butstill higherthanthe
originalfiberlevel.

The Cis peakwas scannedathigh resolutionandGaussian
Lorentzpeak splitting fittingwas performedtofurtherlystudy
the relationshipbetweenthechangesof elementsonthefiber
surfaceandtheir chemical structure.Theresultsareshownin
Figure7.

groups-C-C-.Inaddition,the content of -C-N- and -c-o-
remained basically unchanged. Whenthe treatment time
increased to60s,the content of non-polar group-C-C-
decreasedtothelowestlevel,whilethe contentof polargroup
-c=o-and-o-c=o-reachedthemaximum. However,whenthe
treatmenttimewas furtherextended,the contentof -C-C-group
increasedandthe contentof -c=o-and-o-c=o-groupshowed
adownwardtrend.After plasmatreatmentfor100s,the content
of polargroups-C-C-onthefibersurface increasedto54.45%,
whilethe contentof non-polargroupswasslightly higherthan
thatin20s treatmentgroup.

The influence on mechanical properties ofPBOfiber
monofilamentscanbe characterizedbySFTS,andtheresults
areshowninFigure9.Thetensile strengthof singlefibershows
a decreasingtrendwiththe extensionof treatmenttime.When
the treatmenttimeis20s,40sand60s,the monofilamenttensile
strength decreasedby1.82%,3.22%and4.73% . Whenthe
treatment time reached80sand100s,the decreaseratesof
filament tensile strengthwereupto7.39%and10.52%,
respectively.
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Table3The contentof chemicalgroupsonthesurfaceofPBOfiber
treatedat different time.
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Fig.9SFTSresults of PBOfiber underdifferentplasmatreatmenttime.

Ingeneral,the physical and chemical characteristics on
fibersurfaceand mechanicalpropertiesofthefiberhadbeen
changedafter plasma modification. Withthe increace of
treatment time,thedegreeofplasma etching and sputtering
were improved. Thegroovesonthefibersurfacewere deepened
andthenicks becameobvious.Alarge numberof protrusions
andfoldsappeared,thusthe roughnessofthesurfaceincreased.
The roughnessimproves the infiltration performanceofthe
fibersurface,sothatthefiberandtheresinmay establish
strongermechanicalmeshing, accordingtotheWenzelmodel
theory.

Asforthe changesofPBO fiber's chemical properties,
activegroups generated after plasma modification are
conducive tothe establishmentof strongerchemical bonding
betweenthefiberandtheresin,soastoimprovethe interface
bondingperformance.Besides, polargroupsonthesurfaceof
thefiber increases,whichis beneficial forthe infiltration of
resin matrix. However, those favorable chemical groups
decreaseunderexcessive lengthof plasmatreatmenttime.As
for mechanicalpropertiesofthefiber, plasmaonlyactsonthe
corticalareaofthefibersurfacein relatively short treatment
time. Hence,the reductionrateofthe filament tensilestrength
was relatively lowandthedamagedegreeofthefiberbody
mechanicalpropertiesis limited andcouldbeignored. However,
long treatmenttimeleadsto significant decreaseofthetensile
strengthof monofilament.Thisis causedby plasmaetching
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Treatm Relative Group Content

ent -0- -0-
time/s -C-C- -C-N- -C-O- C=N- -C=O- C=O-

Untreat 63.0715.0314.447.46
ed

- -

2056.8913.2712 .97 2.784.439.66

4042.0614.1316.525.846.6814.77

6036.6315.0614.825.27.7820.51

8046.1314.0712.515.355.1616.77

10052.4513.111.575.054.7613.06

Fig.7CIs split-peakfitting spectraofPBOfibersurface underdifferent
plasmatreatmenttime.(a) Untreated;(b)20s;(c)40s;(d)80s;(f)100s.

After plasma treatment, six different carbon-containing
groupsexistedonthefibersurface, includingthefour original
groups-C-C-,-C-N-, -c-o- and-O-C=N-andtwonewly
generatedgroupsof -c=o-and-o-c=o-.Therelativecontent
were obtainedby calculatingthearea betweeneachfunctional
groupandthebaseline,asshowninTable3.

Whenthe treatmenttimewas20s,the chemicalbondsmthe
fiber molecularchainswerebroken,newactivegroups -c=o-
and-o-c=o-wereformed throughgrafting copolymerization,
andthe relative content of non-polarC-C-groups reducedto
56.89%.Withthe extensionof the treatmenttime,the plasma
etchingeffectwas strengthened,the numberof chemicalbond
breaksandthe reaction degree increased accordingly.The
contentof polar groups -c=o- and -o-c=o- increased
gradually,resulting inthe decreaseofthe contentof non-polar
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IV. CONCLUSION

TheeffectsofairDBD treatment onthe physical and
chemical properties ofPBOfibersurfaceaswellasits
mechanical properties were conducted inthispaper.The
mechanismof plasmaactiononthesurfaceofPBOfiberand
the mechanismof improving thebondstrength of fiber-resin
interfacewerediscussed.

Whenthe dischargepowerdensity remainedunchangedat
8.49W/ em' , the optimaltreatmenttimewas60s.Inthiscase,
theshearstrengthofthePBO fiber-resininterfaceincreasedup
to52.77% comparedwiththeuntreated.Thesurface roughness
increasedgraduallywiththe extension ofthe treatmenttime,
which enhances the mechanical meshing ofthe composite
interface.Thefibersurface chemicalbondbreakingintroduced
avariety of activegroupsthroughgrafting copolymerization,
whichalso improved thesurface chemical activityand
infiltration performance.However, long treatmenttimewould
destroythe polargroupsgeneratedinthe previousreactionand
damagethefiberstructure.Withinthe appropriatetreatment
time,the mechanicalpropertiesofthefiberbodywere basically
notaffected.
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Inshort, properplasmatreatmentcan effectively improve
the interfacebondingperformanceofthePBOfiberandresin,
whilelong treatmenttimewillhavea negative impact onthe
interfacebondingstateof compositematerials.

touching theinnercorelayerofthefiberand damagingthe
overallstructure, leadingto strengthenedstress concentration
effect.Inshort,the treatmenttimeshouldbe limited within a
reasonablerange.

B. Effect ofModifiedPBO Fibers at Different Time Scales on
ReinforcementPerformance

IFSScan characterizethe interfacialbondstate betweenthe
fiberandresin,whichcan indirectly reflect the overall
reinforcementperformanceofthefiberonpulsed magnet.The
experimentalresultsareshowninFigure IO.

Whenthe treatment timewas60s,the interfacial shear
strengthfurther increasedto 37.69MPa,withagrowthrateas
highas52.77% comparedwith untreatedfiber. However,when
the plasmatreatmenttimewas extendedto80sand IOOs, the
shear strengthof the fiber/resin interface was 36.lOMPaand
31.27MPa,respectively,whichwasstilllowerthanthevalueof
60sand decreasedslightly,althoughitwas improved by
46.33%and26.74% comparedwiththat of the untreated
interface.

Accordingtothe previousresultsonPBO propertiesbefore
andafterthe plasmamodification, withthe extension ofthe
treatmenttime,the etching sputteringeffectofactive particles
inthe plasmawas enhanced,andthesurface roughnessofthe
fiberandthe number ofactivegroupswerealso improved,
whichwas conducive tothe establishment of stronger
mechanical meshing and chemical bonding between the
fiber/resin,andthe interface bond strength ofthetwowas
increasedaswell.Thusthe interfacial shearstrengthgrown
withthe plasmatreatingtime. However,thegrowthrate ofIFSS
gradually decreased. Thisis becausethedegreeof chemical
bindingbetweentheactivegroupsonthesurfaceofthefiber
andtheresinwas limited bysurface roughness,andthecontact
areabetweenthefiberandtheresincannot provide thenewly
generatedpolar groupswiththe number of matching bond
position, resulting inthe chemicalbond cooperationcannotbe
effectively improved.Nevertheless,theIFSS decreasedandthe
decreaseratewentfasterwhenthefiberwere treated under
excessive lengthoftime.Thisis becausetheactivegroups
generatedintheearly reactionwere destroyedinlong treatment
time, leadingtothe weakeningof chemicalbondcooperation.

20 ~ 60 80 1UO
ProcessingTime /s

Fig.lOIFSSresults of PBOfiberunder differentplasmatreatmenttime.
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