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Background 

Generic Sc•nario: Material F•bricatioo P,.ocesses
for Manufacture or Printed Circuit Board! 

There are three general manufacruring stageo in crcatlng a final printed circuit board assembly: ( I) the 
fabrication of the basic maierials used in the printed circuit board; (2) the fabrication of the basic printed cimlit 
board: and (3) the fabrication of the printed cirtuit board wembly, wb.ich is used in alm,m all elecuoo.ic 
equipment manufactured tod.a:y. Eacb of th= three siageo is • separate industry tlw usually is independent of 
the other two. Due to the broad scope of th= three s1.33es and the chemical p!QCe$$C$ involved (C$peeially 
printed circuit board fabrita1ion), this presenwion coven ouly the fim stage - the maierial fabrication 
processes. 

Process o-riptlon 

Toe maierials required by printed circuit board manufacruren are basic rein!oti:ed plastic sheeu (laminaleo). 
lamilweo that have copper foil (or other metals) bonded 10 one or both sides (mew clad laminates): and a 
panially cured reoin preimpregiated fabric (prepreg) used in the buildup of multilayer printed circuit boards. 
Tbe S'Ceps in the malcrial fabricalion processes are shown in Figure L 

Maicrial fabrication staru with preparation of the reinforcement material, wb.ich is in the form of yam made 
from either glass, fused glass (quam), aram.id (Kevlar"'), polyester, or cd.lulose papet [I). Other cypes of 
materials may be used as reinforcemcnu 10 obtain special cbanaerutics either mechanically or electrically. but 
these are in.significant in qu.antity. The yams are received by the material W>rica1.or on bobbins or in packages 
thal arc brought together and wound onto a steel cylinder in a proc= called warpint. Next the yams are cut 
into the two lengths used in the weaving proc=: the warp yam (along th• macbioe direction) and the filling 
yams or pick (cross m.acbioc direction). This step is called slashing. As� of th.is procesi. the yams are 
dipped in an aqueous solution of swcb, passed through squeeze roUers, and dried. The protective coatiug. 
called sizing. protcal the yams from abrasion during weaving. The yams are then sorted inlo sizes and are fed 
to the weaving loom where the warp yam and filling y:arn.s are woven together to form a fabric. 

In the proc= leading up to and through weaving, the fabric bas picked up starch and lubricants used in the 
various steps miounting to 2 to 3 � of the total yam weight. This added weight is driven off by fim beaiing 
the fabric to IOOO'F and then placing it in a 700"F oven for 3 days. As the last step in fabric production. a 
chemical coupling agent (silmc) is � to the fabric to make the reinforcement adequately bond 10 th• organic 
reoin systems used in forming the prep� or laminates Tbe silanc coupling agent is hydrolyzed a.od applied 
from an aqueous solution. As the fabric dries, the silane is deposited on the surface al about 0.1 � by weight of 
the fabric. 

The so:ond constiw.em of the material used is the organic reoin that binds the layers of fabric together mto 
sheets. These te$Ull are predominantly epoxy, polyamide, and polytettafluorocthylene and are combmed with 
other chemicals (less tllall 2.5� by weight) 10 provide opacity, fire reoisunce, quiclc curing. eu:.[2}. The 
prepared resin is combined with the fabric and is met.c:red to combine at a percent by weight, depending oo the 
electrical aod mechanical cbaracletistics required ($CC Figures 2 and 3). This combin.arion is then panially 
cured to the prepreg condition in an oven. A minimum of two layers of fabric are required to form the 
prepreg. At this point the prepreg is either shipped 10 the board manufacturer for use as a bon<ling ply in the 
buildup of multilayer boards or is moved on to the =rial manufacturing process for buildup into lainin.ated 
sbeeu that are bare or metal clad. ID either case the prepreg is completely cured by pres.Nre and/or beak-dry 
driving off the remaining volatiles. Depending on lhe degree of automation, all of these processes can be self• 
contained, therefOP' minimizing exposure levels 10 the volatileo (see Figure 2). 
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The majoriry of :he cladding me1al is copper and can be either wrough1 or elec<ro<kpoSl(ed ,n th1ck.1esses 
varying from 0.0004 10 0.004 inch {2]. Toe wrought copper foil is formed by rolling copper ingots down to !he 
required thickDess. Various foil charac1eri.stic.s can be obl4ioed in ter.-s Jf ductiliry, hardness, and swiace 
roughness by be.a.I treatment during the suges of the rolling process. :ought foils are more •�pen.sive than 
electrodeposited foil. Elearodeposited foil is made using• sulfuric ac:� solution in 111tlich pure copper has been 
dissolved along with other additives that control the copper foil characteristics. Tlili copper solution is pumped 
i.oto an elecuoforming cell where the application of current becween the anode and cathode causes copper ion.s 
from the chemical bath to plate 0010 the calbode suriace. Toe cathode is a cylindrical stainlcs, steel dtwn th.at 
r01ates while partially submerged in the s,:,lution. The foil is depc»ited OIi the drum suriace as it ro� through 
the solution .uid then is stripped from the drum t0 form the copper foil sheets. The thickness of the foil ,s 
determined by the routional speed of the cathode drum. Toe anode conform, to !he curvature of !he cmiode s,:, 
that uni.form, consistent plating ukes place. 

After the foil has been formed. it is given • bonding <TP•trnenl 10 provide an adhesive surface becweco the foil 
and th� laminate material. Toe drum side of the foil is shiny and the deposited si� microscopic.a.lly 
roughened. The latter side is txeated with metallic copper and copper oxides to increase its adhesion propenies. 
To provide a barrier between the copper and the resin laminate during the soldering of the printed. ci.rcu.it ca.rd 
assembly, a. deposition of brus. zinc. or o.ickel is made over the boodiog t"'3nnent. Finally, a foil stal>iliution 
treatment is added tO both sides of the copper foil to prevent oxidmon and staining during the nigh-temperature 
steps associated with laminating the copper foil t0 thl" laminates. The treamients usually m chromium based 
and a:c applied in thicknesses in the I 00 micron range. This material lllUSI be removed by the lami.llator or the 
printed circuit boa.rd manufacrurer so that good soldenbility of the copper foil can be attained during prio<ed 
circuit board assembly. 

Toe foil is now ready to be combined with prepreg m.aterial. Toe foil of the desired thickness and size is mated 
with the same size prepreg material of the desired thickness. Toe foil cm be placed on one or both sides. 
These !�en a:c stac� with steel pl.ales between eac:h tamin•1etf,iil cornbina.tio0- The Stack is placed in a 
prcM or ill a11toclave wbm the wmbination is healed and pressure is applied for a specific time. When the 
laminates a:c cooled they a.re inspected for conformjty to thickness, warp, foil adhesion, and any other 
properties specified on the fabrication order sud! as water abs,:,rption or dielec:oic ccostmt. The COUJJ)le1ed 
sheets are then sbippcd to the circuit boa.rd manufacru.rcr to complete the process. 

Extent ol Prodaction 

Toe estimated total of laminates •ISed in North America in 1992 wa.s 30 million square meten [3), and the 
amount of copper foil used was estimalcd 11 60 million square meters {4]. These oumbers came from rwo 
different s,:,u.rces, and it is more than likely that the ratio of foil to lam.in.ate is 1.2 t0 LS rather than the 2.0 
number, so the oumben are only approximate as sw.ed. There a.re 20 tO 30 major. manufacturing sites i.o the 
USA, with the majority locaud ill southern California and the oortbeastern coastal swes. A rypical compa,:ry 
would be one of the Allied Chemical or Arion facilities with 25,000 t0 50,000 square feel of manufacruno1 
space and would produce 60.000 t0 90,000 square feet of laminau: and 40,000 tO 50,000 square feet of proprq 
per year, Toe number of workers in the mururelcuring a:ca would be 3 to S marimum of each site of Iha 
size. 

Wasu Gen<,ration, Environmental Releases, and Exposutt-Lud Calculatlom 

Waste Generation 

PMN chemicals may be used in several of the steps i.ovol\<ed in materials fabrication for !he manufaaure of 
printed cimtit boards. Specifically, PMN chetnJcal.s may be used in preparing the reinforcement maten.al. 111 
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the organic resin. or in the cleaning and/or ucatmcm solutioM. To calculate the ,nvironmcotal releases and 
worker exposure calculations for this generic $CCnarlO. the PMN chemical is a$SUIDCO 10 be a cotnponem of the 
organic resin � 10 bind layers of the reinforcement sbeeu to form the prq,reg, which may be combined 10 
form multilayer boards or laminated !,heeu. Toe organic resin has been selected as the point of imroduc1lon of 
the PMN chemical because it a an impOrtalll constituent, by weight, of the prepreg or laminate. Coll.'lideraiion 
of the resin prqwuioo and application slq)'S suggesis that these steps are likely to be the most significant with 
respect to air aod waste emwi011S, aod worker expo,ure from the overall uwerw fabrication proc:es.s. 

Toe organic resin i3 prepared from a mixrun: of cbemic:als to provide the necessary combination of opacity. fire 
resistantt, quick-curing propenies, eie. CompoDelllS of the resins are epoxy, polyarnide. and Tefloo • mued 
with Ullknown solvCIILS that are driven off in the curing process a.lier being combined with the Iaminaies. No 
daLl are available on the resin-«>-solvent ratio ll tbe SWt of the process. Wben the ourput a laminale, it is fully 
cured &1 the end of the process aod prior to shipping. Wben it i3 prep�. the awerW i3 only partially cured. 
The printed aid cna.outacru= lays up_layen of prepreg an<! laminate to DlilC up �tilaycr board, and the 
ma a completely cured in an autoclave undet pressure and high-temperature conditions. In this SCC!l'lrio, it is 
assumed that the PMN cbemical a mixed on site a1 !he prillted cilcu.it board material fabrication facility 10 yield 
the organic re!in. This assumption probably a valid based on information collected from our review of 
mediurn-siz.e rna.nufacturing facilities. Toe quantity of resin mued per day varies greaxly with the siz.e of the 
company. Large qu.a.otities of solveDtS and other chemicals are likely 10 be mixed in drums or other large 
containtrs on site. Some chemical constitueDIS of the resin, suc:ll u acrylics or epoxies. a.re skin irritanu and 
may be corrosive. Workcn typically are equipped with sJcin-protcctive gear i.oclwlillg gloves. 

Impregnation of the fine cloth reinforcement material (I to 2/1,000-i.och thic.knes.s) wid! the resin typically i3 
conducted as follows: 30-incll-wide cloth, in lengths u.p to 200 ioc:lles i3 fed through equipment that allows a 
coD1I0lled thicklless of resin 10 envelop the fabric. Impregnation may be automated and a likely 10 be cont.ain.co 
due 10 the noxious odor assocwed with the resin du.ring cwillg. Toe resin-impregn.ued fabric may then be 
� through sqw,eze rollers to remove excess resin, and is parti&lly cum! in m oven (ai 140°F) to form the 
prepreg. When removed from !be oven, the prepreg may be Ciiimned for 1izing plll"p03C! and to remove 
unwanted resin overflow sectioos, combined to form bosrdJ of varying thickness, with foil on one or both sides, 
and cum! to a laminale at high temperarure. Alcernarively, the prepreg materW.s may be shipped to a circuit 
board cna.oufacrurer 10 make up multilayered printed c:m::uit board.s. Toe curia, ovens used io fabrication 
fllcilities generally are vented 10 the ouuide allDOS])here; it a not mown whether my conuol equipment is usco 
on these vcnis. · w= usage is rninirnal. because there are no lcnown cleaning steps during resin impregnation. 

A.s!W:llptioos: 

%PMN : weight peta:nt of PMN chemical iu the resin 
W : weight io pounds of resin u.sed per day a1 lhe facility 
D : number of days per year of opera1fan of the facility 

En'rironmeutal Ila- (toal lb/year a1 � single manuf-ac:turing fllcil.ity) 

Solid Wastes; Solid waSta comaining the PMN chemical will arise from trimming of the prepregs for sizing 
tbe circuit boanll or for removing resin overflow sectioo.s. Solid wuteS containing PMN could arise from 
cleaning and t11o1io1enma: nf the resin irnpregnarioo equipment, a.ad from unuied resin that is disposed of for 
my reason. Toe amoun1 of PMN chemical relcaied as solid w!l!le from a single IIWlUfacruring facility can be 

. cstim3led roughly u follows: 

%PMN/IOO •sw. RF. D �? lb/year 

where SW is the amount of resin solid waste in lb/day generated al the facility, md RF (between O and I) is lhe 
fraction of PMN remaining in the resin after impregoation and curing. Highly reactive or volaiile PMN 
chemicals are likely 10 bave a small RF value because they a.re likdy to be removed by the time the reslD bas 
solidified. 



Some ma.oufacruring faci!iucs may opcr.ue in a closed loop whereby the solid resin waste is rerumed to the 
ong10al liquid resin and dissolved using appropriate solvents. v�der these conditions. P�N re!C3.lcs roust be 
reduced to reflect n:use of the chemical in the rruuiufacnuing process. 

Air Emissions; Air emissions of a PMN chemical COl!llpODClll in the resin could ari.se if the PMN chemical Is 
volatile. Such emissions would occur when lllixirig the chemicals to prepare the organic nesin, during re.sill 
impregnation, and when the nesin-impregn.ued fabric ii., cured to form the prepreg. Tb= emissions are likely 
10 be fugitive. exa;pt for the case of the VCllted ovens, and in the typical manufacruring facility would be VCllted 
to the atmosphere by a vc:otil.iion .system. 

It is difficult to e:stim.alc the ex=t of air emissions for a PMN chemical with the curreot information available. 
However, if the PMN chemic:al is volatile, a large t'raction of the air refuses would likely arise during resin 
curing in the elevated temperarure oven. The amoWlt of PMN cbemicaJ released as air emissions rould be 
e:srinwed as: 

%PMN/IOO • W • % Volatiliz.ed/100 • D • ? lb/year 

where % Volatilized is the perceou.ge of PMN chemical tlw is volatilized during nesin preparation, 
impregnation. and curing. 

Water; Liquid waste containing PMN is expe=d to be negligible because there are few liquid cleaning.steps 
but rould arise when cleaning process equipment, tanks, and other contain<,n. B=use these operations are 
nonroutine, PMN em.wions would b1ve to be estimated on a case-by-case basis. 

Woru:r exposure to the PMN chemical pou:ntially coUJid occur during the nesin preparation, resin impregnation. 
and curing steps wb.ere worlcm may be involved in applicariog gad llllldli.ag opcruiom, Tbe extent of wori:er 
exposure would depend on the type of � equipment and the eX1CD1 to wb.ich the wortm come into direct 
conua with the =in. Accur.ue quantification of the various pou:ncia! exposure rawes is difficult with the 
limited inform.atlon available. For this gc:oeric sct:nario, the various potenlial row= are discussed qualitatively. 

lpba!ation (mg/day): Inhalation is expected to _be an impon.an1 route of wortet � and will be significant
if the PMN chemical is volatile. To detetmine lbe extent of inhalation exposure. typical air concentrations of 
PMNs during resin preparation. impregnation. and curing are measured. If data on the PMN air conccotrauons 
are not available, concentrations of suitable surrogate chemicals used in current resin formulations could be 
utilized. If the volatility of r.he surrogaies is similar to the PMN volatility, and if both chemicals are mixed :o 
form the resin using similar process su:ps, thc:o measureme,ns of the air co=mnons of the surrogate 
chemical could be used to estimau' poren!i•I e� 'lO lbe PMN chemical. 

Assuming th.al the worlc involved in bmdling prepregs and supervising process operations is medium-<iuty work 
in terms of the level of physical activity required, an inhalation rate of 1.75 ml/hr can be assumed {6]. Further. 
=uming thal H ii the fraction of the bow, in a process day during wb.ich resin mixing, applieatioo. and curing 
occur, inhalation eJtPOSUle of a worlcer during an operating day to PMN chemical in the resin is: 

C (mgtml) • '&PMN • 1.75 (ml/hr) • H • N = ?? (mg/day)
%Surrogate 

where C is the coocentrarion of the sum:,gaie chemical in the worlcplace air. 



Dermal Ewosure /mg/day): Dermal exposure can arise dunng mixing of the PMN chcrruc:i.ls wilh other 
chemicals 10 prepan: the organic resin, dunng loading and unloading of !he resin-impregnated fabnc from \he 
oven where it is partially cured, during mm.ming of !he pn:preg. and when building up \he prepreg, for 
multilayer boards, Because some of the chemical constituents in the organic resin. such as acrylics and epoxies, 
are corrosive/skin irritants and pose dermal ttazards. and to minimize circuit board coota.minarion. worker, in 
prinied circuit board lll3llufacruring facili1ies typically use pro1ec11ve gloves when handling chemicals and the 
resin-impregnated materials. 

Assuming that t:he organic resin containing the PMN �hemical is corrosive. CEB (1991) guidelines can be used 
10 characteriz.e dermal exposure as follows [6]. Di.m:1 cootaa with the PMN chemical is expected 10 be 
negligible because of the use of protective equipment. In qualitative tenm, dermal exposure of worker, al the 
facility may be best characterized as incidt111al contaa [6] from tbe contact oi pro1ective clothing with the PMN 
in the resin. 

Alternatively, if the resin is noncorrosive, dermal •� from tbe PMN �hemical may be calculated using 
typical factor, for dermal exposure from tbe � of routine cooL1Ct operations involved [6], as during the 
mixing of chemicals 10 prepare the resin and the handling of the resin-impregnated material just before and after 
partial c:uri.og to the prepreg state. If routine contact with the resin (and PMN chemical) occur, in tbese 
operations with a frequency. FT (number/day), the dermal exposure is: 

(1.300-3.900) mglm3 • FT • %PMNIIOO a '!1 mg/day 

These estimalcs oi dermal exposure would be mitigated if workers wore dermal protective gear, such as gloves. 
Beca11se resin marerials an:, at the least. sldn irritantS if 001 acrually corrosive, it is likely th.at skin protective 
gear will be used at most circuit board manufacturing facilities. 

Disposal Concerns 

Toe containen used 10 transport the PMN chemical tc0 I.be facility are assumed 10 be recycled. cleaned 10 
remove coNamina1inn, and appropriately landfilled or incinerated. All liquid and water wastes arc assumed to 
be reused, reprocessed, or air-dried and disposed of as jOlid wastes. Solid wastes containing the PMN chemical 
are assumed to be disposed of using appropriai• mechanism,. 

Release of the PMN chemical to the environment could also occur as a result of tbe retention of PMN in the 
cured printed circuit board. Toe implicaiions of this release mzy need to be addles$cd for I.be PMN chemical. 
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pp. 48-53.
[4] Harvey S. Miller, "The Board Industry !943-1993-2043, Market Technology Interactions: Ntpcon !993

Procudints, pp. 61-68.
[5J W. Coombs, Prinuti Qrcuit Handbook; 3rd ed., McGraw Hill. 1988, New York, NY. pp. 32.1 · 32.3.
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