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INTROUULTION

Three-dimensional processing presents some new and different prolilens
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conveyors, 1o combinations of part meotion and limited
Lamyp motion, and v wlally rabotically controlled mo-
fon of lamps themselves, The exposure {Lime-inlegra-
tion of the irradiance profile) at any point will result
from the combined effects of part geometry, relative
sunface velocity. and lamp configuration.

While large-pant 3-I» processing, such as aulomolive
body compronenis, receives considerable attention,
most indusuial 3-13 coaling and curing is for smaller
components, ranging from cell phone covers, W0 aulo-
maotive: lighting, to containers and turniture, where it
becomes diflieull to equip the surfaces with sufficient
instrumentation for exposure verification and gualily
centrel.

STEPS IN THE DESIGN PROCESS

All TV processes should go thwough a logical se-
quence ol development and specification, Three-di-
mensional processes add the complexity of configura-
tion, but the essential steps are the same.

1. The coating, ink, o1 paint must be characteriaed
in ite response fo IV exposure variables: fimadiance,
protile, wavelenpth, and temperaare! The determina-
tion of the maximum and minimum exposure reguired
Iry the conting s accomplished with flat, linear process-
Ing—in the lab. Badiornetey is wsed lor guaniify the ex-
pusute specifications required for a photo-curable ma-
tenal Lo develop ils wdeal properties on the substrate
involved, The exposure conditioms s e within the
range achievable by a production system.

2. The mechanics of the line are identilied—degrees
ol metion, surface velocilies, lamp organizaticn, total
power, etc,—and lamps are positoned lor maximum
elfectiveness.

3. Ruliometry is used to verif) the process design,
Dy parts are instamented with rdiometers {or
dosimeters) to venfy that the exposure is within speci-
fied limiws an all surfaces, The spectral exposure (wave-
length distribution) must e the same as used in the
development phase (step 1). It is often diificult 1o use
the same tnsiruments thal were used in the laboratory
This raises serious issues of measurement consislency
with different instrrments,

4. Finally, radiometry is used to monitor the consis-
tency of the process over Lime

Steps 1, 3, and 4 all imvolve radiametry. The most
imprtant prindple of effective radiomety 1s that the
rmeasieements musl be relevant 1o the process or, in
ather words, must be related o Lhe development of the
phiysical properties of the final product. By thoroughly
understanding the Lamp-chernisteoy application interac
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Uens, more precise and uselul specifications can be de-
termined for what to measure 0 the design of @ process
andl forr the establishment of meaningtul limits thal can
Le apyried o peocess monitoring, naddition, data
trom radiommerers must be communicated in A congis-
tent and unitonm way, This facilitates the duplicaton of
the UV exposure condilions that produce the desired
curing result, and is also imporiant in the: event that
problem-solving communication between R&D, pro-
duction, (0, or suppliers is necessary,

REPORTING

Aowide variely of radiometric ingtruments 1s now
available for measuring the radiant dharactenistics of in-
dustrial and laboratory U lamps and curing syslems.
Relating these chwtacteristics o the performance of a
Uv-cured preduct depends o hosw well the selected
parameters match the critical factors of the oure
provess. Beease of the significant differences in meas-
urement equipment, the specific nsirument[s) used 1o
report data must be dearly identitied in order 1o spe
ify or reprodueoe the reguired cure (exposure] condi-
Liris.

UV EXPOSURE: IRRADIANCE, SPECTRAL
BISTRIZUTION, AND ENIRGY

There are [nwer key Gaclors of TV exposure that affect
the curing and the consequent perlorizance of the LI
curalile material, Simply stated, these are the minimum
exposlte paramelers thal are required to sufidently
detine the process™

o [rradiance—rither peals or profile of radiant
power arriving ala surface, measured in Wicm® or
mwW/ian®

e Specral distribution—relative radiant power ver-
sus wavelenoth i nanomelers [nro

¢ Time {or “speed”)—energy is the tUme-integral of
irracdiance, measured in Fom? or mlfcm?

o Infrared [1R} or heal-—usnaally observed by the
temperatuge rise of the substrate (°F or “C). (A4 non-
contacting opticat thermometer is recommended [or
sucface (emperatire meastrement.)

RADICMETRIC INSTRUMENTS AND DEVICES

In selecting radiomerric insuruments, there is a vari-
ety ol bpe choices. Msually, an important consideralion
iz slmply if the insrument or device is compatible with
the process equipment. Another imporiant determina-
don is whether the instroment measures the proper ex-
posure parameter,®
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Table 1—Comparison of Color Range to

Radiometer Energy’

“H™ Bulb {15 m/wia

"I Bulh @ 15 m/min

Ramaciimoms DOstarices: ate Lals (hil
aitach (v a test surtace amd respond w ol
ame-inlegrated enetgy by changing color or
Ly changing optical density. Depeniding on
Lthe chermistry of the delector, it can change

Energy, mJ/on: U¥-Tec Energy, ml/cm’ UY-Tec

LI 23 LN 9

UVE 217 200 mlfcm® mnge VB 157 400 m,)fom® range
UvA £5H HPL 436

L T8 vy 40

Ramioriees: meassure frradiance (usually watts/om?)
at a point, but over a uniguely defined wavelength
band. Litlerences in detectors, filters, consuuclion, and
jrrinciples of operation vesult in the et that different
narrewy band radiometers give different resulls when
measuring hroad-hand sources. A radiometer feom one
manutacturer can report significantly different TV data
than another instrument Mmoo a ditferent manuGcorer.
This is because instuments bawve different responsivity,
o1 wivelenath sensitivity, Also, instruments differ in
their gpatial sensitivily (angle of view), although most
have diffusers 1w give them an approyimate cosine re-
sponse, 45 2 praclical marter, many users prefer to cowm-
pare dat [rom instrumeins omly of the same type.

ProsTWFTRRS, Teasure acoumulated emnergy Al a sur-
face {watt-seconds/cm? or joulesfem®), also over some
uniquely defined wavelength band. There are electronic
and chemical rypes, Many electronic integraling ca-
tliometers wil also calculate energy. Because this is the
only measureinent al incorporates ke ol exposure, 1t
tends to be commuonly used.

“Mappive” Ramowriees: some of the most dramaiic
adapranions of radinmerers for UV processing are sam-
pling radioaneters with on board memeory. Aler a test
exposure, the insirument is connected o 2 device—el-
ther a computer or & dedicated processar —1o display
the entire expowure prodile. These Instnunents can also
calculate peak irradiance and energy. Single-band and
medtiple-band instruments are availabple® Since (hese
record the “history” of a pass under lamps, thev can
provide data on the irradiance prolile of sach lamp in
rows o Tops. Relating the ime scale o distanee e
quites only e knowledge of the precise speed of the
[IEAsL METREILT.

SFECTROTAIMGETERS: are very narow-band instra-
ments, essentially responding 1o spectral imadiance,
and are highly wavelength-specific—some with resolu-
tion as fine as ¥ nanometer. These instruments - aclo-
ally miniature monochromarors- can be valuable
wlhen there is a need to evaluate irradiance o a selected
wavelength Dand of interest, but they do not measure
time-indegrared energy. o
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permaneiuly or only emporarily. These
phetochromic defectors trpically respend
L a wide rvange of LIV wivelengths. ‘They
can ke interpreted by visual comparison, or
by Instrurents.

Radiachromic films or tabs can be very

handly, especially [or 3-T objecs, as a nurm
ber of them can be placed abowut the olyject to measure
amd compare the energy deliversd to any pant of the
swiiace. For flal curing, tabs and sirips have the abvious
arvantage that they cunbe attached v o flat web or
sheel and ran survive transil through nips, rollers, and
the like without damage, They can he inexpensive and
easy 1o apply.

RADIACHROMEC FILMS

Padiachromic [ilmy respond to expasere only, They
cannol “report” imadiance or iy information on the
lradiance prafile of exposure. There are essentially o
configurations ol radiachromic films:

1. Films or tabs whaose surface is coated with a pho-
tocheomic coating, Most commeereial films of tis dype
exhibit a change of color with exposure. Typically, these

Finure 1—Wisual resoluiion wersus radiometer measure of exposure.

“H” Expoaura, mMem? UV
(% = humbaer of passes)

1 = 157 mlicn#

2% = 34 rakon?®

Ix= 471 mliem?®

A3 =628 md/ o’

5 = 785 mdions

Bx =92 mbFconé
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are epaque s or labels thar are applicd to the surface
of interest with a prossure-zensitive adhesmve

2. Tilms whose composibon ineludes a phio-
tochromic component, These filims ave initially nealy
wnsprarenl, and change thedr tramsmission color or op-
tical densicy with exposure Althoush they appear to e
asingle color, they ave similar to photographic (1lms.

POTENTIAL ADVANTAGES

Taliachromic films have an immediate attraciive-
L1, chwing Lo
v Comparalively los visl
» Lasy applicaticn—ue wiriig, no mounting
& C0sine respollse

« Targe number of test points can be exposed ai-
il taneously

DISADVANTAGES

Fundamental problems with radiachromic films in-
clude:

*+ [ynamic range

* Tesohstion—type of reader/interpretation
# Speciral respomgivity

* Adhesive or method of application

o Ditficuley of eading/recording

VISUAL RESOLUTION~
“EYEBALL" INTERPRETATION

A variery of radiachromic lilms that are read by vi
sual olrervation of color change are available, Several
ot them rely on comparison oo printed color char o
male an estimation of the exposure. The visually re-
solved data is olwionsly affected by lighting,
metametisi, and coler perception.

Tabs or tapes that are interpreled by eve or Iy tom-
pacison Lo a printed color chan may be valnerable to
subjective ertor or difficully of resclution, and comse-
cuently less accurate and less repeatable than [Tlms
vead by instramends {colorimeters or densitometers )

Two examples that illusirate the diffioatty of visoal
resolution of color-change radiachromic films are illus-
wated i Figare L oand Table 1.

First are the Lv-Lec lms e roanufacrer pro-
videx them in two ranges, 50-250 mlfem” and
200-600 mlicm?. These have a pre-printed color char
andl energy interpretation. The example o Figure | was
exposed 10 un “HY {mermany] bulb in six successive
“passes” at 30 mminf lhe exposed color and the cor-
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responding radiomeler measares of UVA | are shown,
Beasons for the differences are not obwvicdws, as nellher
the responyivity of the film nox the calibration basis are
identilied. ¥hen expaosed 1o an "H” hulb {meroury)
and a “[3" bulb {iron halide additive), the comelation
to an FIT PowerPuck®? (Teble 1) clearly shows Lhe re-
sponse [0 Dein the LIVA range.

A second example of visually resolved film is Green
Detex Labels. ™ The manufacturer's coler interpretation
is shovn in Figure 7. These labels are designed prima-
rily for use in prinliog applications, As illustated; the
manufactarer anticipates thal they are used 10 ausess
the deterioration of arc lamps. They have a pressure-
sensilive adlbesive Tor application to webs o1 sheets.
These labels are available in o mivrgges: 10200
ml/cm? and 2040-600 mfiom’.

INSTRUMENT RESOLUTION—
METHGD ARD DATA

This study utilizes optical density, measured by den-
silomietets, fo assess the response of the films. 1o this
stuwdy, bwo Lypes of Mlms were exploted o determine
the nawre of thetr spectral responsivicy, resclution, aned
ilynamic tange. The films were FWT-a0-00 from lar
wiest Technologies, [el and Creen Detex Tabels from
Sesslons, Lid, " Dxposures were made with Tulls of
three dilferesl spectral distributions and varving expo-
sure levels. A set ol cut-of Glwers from Infernational
Tight, Tnc, 3 at successive wavelengths was used o ex
plore the speciral responsivity of the films, An
Intermational Light portable LY speciraradiometer,
model RTS 200,% was used to analvze the speciral expo-
sure wilh Milters.

The Blue transpacent FW 1 samples were read with a
transmisyion densitometer, [WT model BW-911 -

Figure 2—Color range of Groen Detex [abals,

Unexposed

Lamp after 1504 hr

Lamp after 500 hr

New lamp
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Figure 3—Unexposed FWT-G0 film, 00 03 (laft), and exposed film, 0D
1.5 [riglt}.

TTamsTission measurements wers made at 513 oo The
range of measureenl was foom 43 O for unexposed
film to approximarely 2.0 (0 for fudly exposed Glm,

The green opwgque Sessions labels were read withi a
color reflection densilometer, Tolias Associates, Lnc,
model RCRX The retlection measurements were made
with a magenLs lilter, as this color showed the lest sen-
sitivily tor changes in the film. The manafacourer’s color
chart (for visual comparizon, see Iigire 2) ranges from
330D to 1,42 ON [magenta), while the resulls herein
ranged from 26 O o 1,60 GO0,

1L should be noted that ditferences in batch lots and
effects of storage age can aflent the elative vahuey of
thexe films, It is not the ebject of this study to determing
an absolule “ralibration” of the tilms, bt w cxplore
methiods of correlation and adaprability w mdiometry,

The WL [l were firsl studied in detail by LAl
and Diehl,>* and a very detailed sualy of optical meas-

urements o Green Detex was published by Lénédic
eLal.l?

CORRELATION AND DYNAMIC RANGE

Figres & and 5 illustrate the twa rvpes of films
whose aplical density has been comrelated specifically
Ly an BIT PoswerMock radicmeter? These data are corre-

Fiqure 4—Carelation of FAT-E0 fila with “H™ bulb exposure.
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Lated 1o the UVA range of an FIT PowerPuck and plo-
ted on a linear scale. The dynamic {exposure} range of
these two examples is approximately one decade, At
the upper cxposurey, the FWI-60 hecormes dilficull to
dillerentiate, and the Creen Tetex beging o bleach, ac-
tually vielding lower optical density readings. The TWT-
G0 appears to provide good resolotion at Low expo-
sures, while the Creen Detex appears (o be ditficult Lo
resolve Delow 100 mlfom™ LIVA with the method nsed.

The base response to different bulbs is shown in
Figure &, These are simply the Q0 measurements (or ex-
posure {0 interchangealble lbs in the same lamp sys-
term, at the same foous and speed. This raises the ques-
tiom of specral vesfmmauity,

RUDIMENTARY METHOD OF DETERMINING
SPECTRAL RESPONSIVITY

A sories of six outoff lers was placed between an
“H* bulb and the [1m(s) to be exposed. The spectral
distribuiion of the resalling exposure with three of the
six filters wsedl, and withoul, is ilustrated in Figures 7a
through 7d (not all the filters used are shown in Hgure 71

Both types of film were exposed 1o filteved UV using
IL filters SO5 245, 5C5 280, 8078 320, 808 340, 5C5
365, and SC5 3959 In Tiguwre 8, thw transmission 00 of
the FWT §ilm and the rellection O of the Green Delex
are shown on the same scale.

RELATIVE RESPONSIVITY

The relative emergy within (be filtered ranges can be
catculated from the spectral distrilnation, The response
1 those ranges 1s shown in Figure 9a, atomg with the
fraction ol wial UV in cach range, Fignee 9 iy the same

Figure 5—Carralation of Green Belex Labels with “H” bulk exposure,
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Migure §—00 vesponse ta differant bulbs.

1.60

W PT-EG
1.5 B Graer Datex

1,40
1.30 1
.20 —

110+ -

1.00

data as Figure Ya, except thal it shows the rato of the
response (o the fraction of UY o each range.

GESERVATIONS

Cosine Response

Radiachromic films appear to have a genetally good
cosine res|ronse, This is not particolarly important in
flat linear curing, where almost all of e radiant en-
ergy [alls within a +43° angle of inddence. 1lowever in
-1y applications, cosine response can be important,
awing to the facl thal some critical surlaces may e oni-

Figure 7—Relalive spectral exposura with S05% seres cutof? filters.

10

200 250 300 350 400 450 500

7a: "H" pulb—nn filter
{Garrected far filter glass)

100

200 250 300 asd 400 450 560
T "H buib—50G 3656 Filter
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enied at very low wngles o the UV source. Figure 10
shovws the measured rmsing response of several instm-
ments and a radiachromic film.

Reflective Surfoces

An imeresting dilierence between the ypes of Hlm
fransparent or opaque) is in their response on reflec-
Live and non-reflective sunfaces. Hgoe 11 illustrates the
cifect of the underlying surface on the response of a
“trangparent” tilm. Lo sorme instances, this can emulale
e efTect of sorme UV retlection lrom o substate and ils
effect of the curing of clear coatings, lor example,

Size

Thers are several commercial (lms, in stip and b
torm. When used in flat, linear exposare, sive is not an
issue, Howevel in order (o e used on complex sur
faces, it is esirable that they be sroall and flexible For
mudtiple and 3 1Y measurcments, films approximately
1 em sgquare provided enough area to be read Iy instru-
el and weve small enough o be used in ditficalt
areas of complex surfaces,

Adhesive

An tmportant factor is the adhesive (o7 lack of adhe-
sive) used, Creen Dewsx is intended primarily o use
o printing papers, and itz adhesive worls well on
these applications. T it is to be used on compiex ob-

200 PS50 300 A50 400 480 50O
7b: "H" bulb—BCS 280 Filter

Py 250 300 350 400 450 500
7d: "H' bulb—SGS 395 Fiker
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Fiqure B—Spectral raspunse to filtered exposure, “H” bulb, FON-60 film, and Green Detex labels,
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jects, in the case of 3-I0 objects, its adhesive is oo ag-
gressive for plastics and glass, but is difficule, i not in-
suldTieient, on coarse surfces, such as wood.

The FWT films have oo adhesive ac all— this males
ther adaptable 10 a varety of surfaces—but it alse
romplicates their ase. Attachment with various pres-
sure-senyitive adhesives way tied 10 the experiments
with them, including self-adhiesive ing binder rein-
furcements, commerdal label stock, and 384 #810 Lape.
Al of these wrere satisfaciony, suggesting thal systems
with different adhesives [or Jifferent substrates would
b desirahle.

CONCLUSIONS

The mosl imporant conclusion is that radiachromic
(ilms can be a uselul extension of instnument radiome-
try. They can be applied in simations and geomeiries
that are dilliculi for radiomelers.

Tadiachromic ilms can be interpreted with relatively
simpHe instnunents—either fransmission densitometers
oI reflection densitomers. This reguives only a simple
rorrelation (see Figures 1 and 2} with the appropriate
radiemeter of cholce, through exposwre (o the specitic
UV damips sed 1o be used in the process. Such a correla-
ticwn is valid enly [or the specific vype amd spectral disui-
bution of lamps o be monitored, An undersianding of
the wavelenglhs impormant o the process, the eapon.

sivity of the correlaling radiometer, and g knowledge of

the responsivity of the radinchromic tilms are necessary,
A drawhbiack to radiachromic GTms is that they pener-
ally respond W and record accurmulated energy ondp. 1o
a multiple lamp svstemn, they cannot distinguish the in-
dividual exposures of successive lamps, Commercial ru-
diachromic tilms are rarely wavelength-specific, In fact,
very 1ile spectral responsivily data is available. Some
preparation his (e be done in order b0 comelate the e
sulis of these filims with either radiomeler measure-

Wy Cogtirgstech.ong
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mets, o plysical properties. o1 both. This type of cor
relatinn must be done for each specitic exposure (type
ol bully and spiectral distribution). Once done, the cor-
relation can make quick work of moltiple measuyre-
ments,

This suggests that these can be very elleclive for use
in process monitoring of i evalugtion of conligura-
tons in process design, Radiachremic Alms can be
helpful in the design of a system {n the specific 1ask of
physical arrangemnent of lamps for surtace curing of 3-Ib
objects for example, With more develupment in the
avea of responaivily and spectral calibration, radi-
achromic coatings and Glms could become a far mare
uselul process control tool @
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