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INFLuaCE OF PHOSPHORUS COITEIT AID HEAT TIlEATMEIIT
011 THE MACHIIABIl.ITY OF ILICTROLESS IICU&. DlPOSITS·

C.l. Sm. J.V. Dlnl, J.S. Ta,lar. G.L. Mara.
I.I. Vanderyoort, and R.I. Donald80n

ABSTRACT

Di...·nd turning is the use or a ainl1e point cl1.-ond tool on • preolslon
lathe under wer, precisel, aontrolled ..chine and enyiro~ta1 conditione
to fabricate tlnished coaponents. Coatin.. otter slanitlcant advent....
tor diUlOnd turnina atlPl1oatlons ina_uch as they oan be applied to 11lht
weight substrates such as al-..inl.a or ber,ll:\lIII. ar unusual substrate. such
as .olybden~ or l1ass. One ot the aoet used trequently ..ployed coating.
tor di ..ond turning applications I. electrol••• nickel. On occasions.
electroless nlc~el deposits are not di ..ond turnable. e.I., tool lite is
shortened. This could be a function or phosphorus content, ase or the
solution. stress In the deposit. additives In the solution. heat treat
codltions, etc. Efforts reportees in this paper include aachinabil1ty
studies on electrole&s nickel deposits varyinl in ca.poaition tram 1.8 ­
13' phosphorus In the as-deposited condition, and after heating at 200, _00
and 600·C.
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IITRODUCTION

A. Precl.lon Maohlnl",

Precl.10n ..chinl", (alao~ 81na1e polnt. cU.-oncl turnlna O'

dl.-ond turnln,) baa be~ YerJ attractive. and In .a.e aa-ee the
preferred ..tho<S ter proc1uclnl oert.aln cl..... of optloal aurtaoee.
t.hou not aoquaintec1 ..lth thl. t.eohnOlop. preciSion .aObln!", la d'
as the COIIblnatlon at the .err hard and sharp edle, obtained trom c­
cryetalline (usually di-.ond) tool. wit.h .xtr...1r preol....obine ~

(equipped with either liqUid or las bear1naa) operetl", under close·
controlled envlr~na.ntel conditions to produce tlnl.t'8d or nearly f.
optioal aurtace.. Overall part or tlaure accuracy tolerance. are
least 10 .lerolnchea (0.25 .icron) or approxl..tel1 one-halt the wa·
of vi,lble lilht. This teohnololY reDDves aome at the dlttloultle~

encountered when conventional grlndinl and pollsnln. are used In t «
optioal surfaoea. Precision .achinins restricts the cuttina proce~

thin shear plane with a 8inl8um or contact stre•• or trlotlon. Tnt
is a process that .lnl.lzes .aterial detoraatlon and hence results
the specular tlnlah required tor optical s"",race. and a contour tha·
exact. copy or t.he t.ool path.

The principal advanta.e ot precision uchinlng Is that the rami
shapes tbat can be aanutacture<l are U81 ted only by the size or th~

uchlne, workpiece. workspace, the _chine sYlllH!tr-les (Ienerally
rotational). and tool accessibility. It Is possible to InclUde th~

.echinlnl ot Integral preCision mounts and reterence. durlna ~ $et
assure extr..ely accurate reterences and el18inate the need or sev~

complicatlns stales In the subsequent alianaent processes. Finally
process is both predic~able and repeatable to within the aachine ac
which allows tor reliable nUierical control. Table 1 list. the tin
and contours obtainable trom pcllShlnc and preciSion aachlnlna.

Table 1. Best and ayera.. finish and contour obtainable
from poll.hlns and preciSion aachlnlDl*

finiSh ~

Optical Poll.hlna "at - 3A rae - SOl p
Aver... 20 to 501 ras - 2501 p

PrecIaion Machlnlna "st - 10A ru - 1000A r-
Averale 100 to 2501 rill - 3000A P

es.e reterenoe 2
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, • Dla.ond Turnabl. llat..la18

Dlaaond turn1 na can be .uoc...tull, applied to ta..centereel cubic
a.tala and .OM er,aUls and pol,...... ll..ln.. and oopper are MOna the
lIOI"e~ dluond t.urned _t..lala. It 1. laportMt to note, hOWe... ,
that not all ut lals are _chlnabl. b, dl.-ond tOOl.'. ror •.-pl.,
uterlall that all, reaot witb oarbon .... nat oonaldereel dl.aond
turnable. Metals on toh. Uat of non-dtl8Oftd turnable _terlal. lnclud.
ferrous allo,a, nlokel. cobalt, .....,..... nlok.l-bW,llha. ohroal...
tunpten. tantal... Utanl. and alroon!... Since the n..bar of .at..lal.
ucMnabl. by dl_ond tools II not lar.. , ..t.rlall Wh1ch cannot be dl-.oncl
turned are I~etl..a coated With a dl-.ond turnable asterlal after roUlh
aachlnina to near-net shape and then d1&1101ld uohlned. Electrolesa nlck.l
il pre.ently the aoat popular coatlnc tor dl_ond turninc applications and
it has been appl1ed to t.rro'. _tala. aU.-lnwa, berTlll.. and 11asa.

Under a recent U.S. Aray COimand Contract (No. DAAK-.O-19-C-0255), a
survey or aachined optics .equ1r...nts vas carried out tor the Aray and
other DOD applloations. Data vere acquired trom a nUibar ot governaent and
ciyllian organizations tor ca.plling reqUlr~~nts In the atlttery IR laser
optics .arket. Projections free this study Indicated that (rOIl sept. 1980
to Sept. 1990, aa.. 1.2 .illion ooaponents viII be reqUired ot various
le~etrlel Including flats. polYlon acanners, apherical ooaponentl and
aspherical coaponents. sanger reported that the annual aarket tor coaUna
these ,ubstr.tea would be approxl..tely .2.1 alilion per year3• A hlgh
proportion ot the coating would be electroless nlckel. To 11ve you a teel
tor the total size ot the electrol.as niokel aarket, Kuczaa 8UJ18ated it
was about .75 million in 1981.

C. Comments on Electroless Mickel and Thi. ReseBroh

Electrol••s nickel Is an interestlnl aaterlal trca a precision and
opt1cal enllneerlna vlevpJ!nt:

o

o

o

It can be diaaond turned to an eX§~llent finiSh. e.I., r.cent
.easur.ents by Church and TakACS resulted in a "SOld ••dal"
finish or 9.61 ~ tor. diaaond machined electrolea. nl~kel

aMple.

It can be heat treated to a high hardnea. WhIch provide. laproved
damage handling resistance and excellent poli.hlnl characteristics
vl thout loss of t1gur9. Thi. 11 an 1.portent requlr8llent tor
short vavelenath optics.

It c.n be deposited on a&ny alfferent sub.trates.

FrQIII a aaterlals science viewpoint, it otters the tOllowlnl attractions:

o Wide ranp ot phOsphOrua oaap081 tiona •
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o .an.. ot 1l10roatruot.... tro. Gr,atalllne to ....phous.

o ...... ot bardne.. via heat treawent.

DiMOnd tool war behavior baa been .x_lned oaretull, but onl, rro.
the Ylewpolnt ot ohealoa1 reaotlvlty betveen the tool and the work
..terlala. Thue, It Is not _11 underatood hov the _taUursloal nrlabl.s
such ...Ioroetruotur., ohealoal cc:.pttal tlor., hardn.a., and .tr.nsth arr.ct
the aurrace tlnl.h, .urtace oh8latr" and 6ubaurtaoe .tr••••• and
d.torllatlon or the work .aterla1. and dl.-ond tool wear behaylor. In an
ettort to und.r.tand vtllch taotorl lntluence dlaond ucblnablllt" ve han
_bark.d on a talr1, extenahe proV- ee studr this l.sue on a .rst.atic
balls. OUr approach vas to s.lect a .aterlal ot reasonable dl ..ond
..cblnability whose .aterlal properties could De varied vldely yet closely
ccnt~olled. ~e ..terlal oholce vas electrol.ss nickel because It meets
the require-ents ve discussed above.

Another reason tor evaluatins electroless nickel Is that ve do not knov
vhlCh are the Important material par..eters attectins turnabillty. The
best di.-ond turnins results to date have been obtained vlth deposits
produc.d In acid solutions containing hrpophosphlte as the reCuclns
asent. Deposits produced In alkaline electroles8 nlck.l solutions have
a180 been di-.ond turned but results have been erratlcc. So.e or theae
deposl ts t~ned with ralr re.ults While others broke down thl! tool edS,
I..edlatelr • With bypophosphite SOlutions, studies by Arnold, et al. ,
revealed tast tool wear on In-house electroleas nickel coatlnss while much
less tool vear vas obtained on coatings produced by an outside vendor.
Chemical analysis revealed that the In-house specl_ens ranged trom 8.5 to
10.9S phosphorus vhlle the ..endor coatins contained 10.7' phosphorus.
Mlcrohardnes8 tests shoved that the s..ple surraces that had siyen the best
dlaaond turnlns results vere relatiyely hard (-50 - 500 Knoop) while the
suples that ..chined poorl, were sort (200 - 250 Knoop), but it vas never
deteralned it this hardnesl dltterenoe 'I...... the culprit. We baye had
occasional experiences at LLNL vlth electroless nickel that perrormed
poorly "ben

SSlnsle point turned and do not know the cause tor the poor
perroraanee •

D. Experlaental DetaUs

1. saaple Pr.paratlon and Characterization

The electrole.. nickel platIns proce.s and .ubsequent heat
tr.at8ent were adjusted .0 that a..ple. with alx dlfterent pbosphorus
contents (1.8, 7.3, 8.8, 10.8, 11.6 and 13.0 vt percent); thererore,
Gitterent .lcroatructur•• and hardne•••• vere obtaln.d. The depo.lts,
ranlinK In thickness rra. 3 to 5 aUs were produoed un 2 Inch dl...ter
copper discs in hypophosphlte solutions b, two dltterent vendor••
Speol_n. were ..chined In the as-depoe1ted oondi tlon and arter heat
tr.atlns at 200, _00 and 6OO-C tor two hours. Theae tour conditions
tor eaoh or the .ix COIIp08itlona lAve 2_ COIIblnations. All ••ple.



ve... anal,sed betor~ and aft.. uaIl1ni.... tor ............urtace tinlah.
eurtace oheaietrr ot l.purltr .leaente and their bond1na atat.e.
Miaroetruotur. and aurtace ahealatrr Intorutlon v.. obtained via
appropriate analrUoal ....ur.....t lnatr-.nta auch _ ' .......lectron
apectroaoopr. z-r., diffraotlon and aoannlq .lectron .1ar"OOpr. ,
Tal,et.p protlla.et.. vlth the oapabilltr of beilht ..lftitloatlon up to
one .U11on tl..e v.. I:HCl to ..aura roupne.. ot the ..oblned
eurtac•••

2. Machinln.

Machin1n. va. don. on the Pr.Oi8ion Enslneerlna Re.earch Lathe
(PERt.) located at l......ence l.lv.,..ore .ational l.aboratory'. l.ara- Optic.
Dlaaond Turning Machine (LODTM) tacllltr. DetaU. on PERL. oan be tound
in reterence 9. The ..chining procedure vas choeen primarily to
deter.ine the inrluence or depth ot cut. Theretore, the cross!eed rate
was held constant at 0.1 in/.in and the spindle .peed vas .et to 1000
rpm. For each piece, DIAL.L.A-AX (Shell Oil Co.) vas used as a cutting
fluid. Di..ond tool. vith a nose radius of approximately 30 mils vere
_ployed wIth about a 0- rake angle and 7- clearance angle. To
separate the erfects or tool wear rr~ .aterial properties, the tools
vere rotated laterally so that a difterent portion ot the outting edge
vas employed tor each part. For the depths of nut employed In this
study. 7 non-overlappins cuttins regions vere available per tool. Four
ot the.e resions were used to out the saaple. described above.
requirins 6 tools. The remaining three regions (center and tvo
extreaes> were used .. controls. each cutting on an a.-plated 13.
phosphorus sample trom a OOlIIIon batch. The intent or the control
scheme was to detect variationa ..ong the 8ix diamond tools.

The cutting sequence consisted or 6 racins passes per a..ple with
varying depths of cut. Eaoh pass began at the outside diueter or the
suple and the feed vu toward the center. Initially, two JtOO
microlnch passes vere .ade vhere the reed wu rre- the 2 inch outer
dl..eter to a 0.115 inoh IMer dllllloter. The iMer reSion vas lett
unaaohined both tor comparison purposes as well as to reduce the riSk
ot tool railure When aachinlng near the center. Following this vere
two passes with 200 aicrolnch and 100 mloroinch depths or cut.
respecti..ly. bOth to an IMer dlaaet.er or 1 inoh. The r..lnilll tva
puses had depths or cut ot 50 .ioroinch and 25 .lcrolnch.
re.pectively. and proceeded to an IMer diueter ot 1.5 Inches. The
rinished speol.ens then coapriaed a .erles ot concentric atepped
surtaces suoh that the tinal surtace repr.sented tinishins depths ot
cut ot JtOO. 100. and 25 .icroinchea plus an unout central sone. The
width or each zone vas chosen to prOVide an adec.uate area tor
subsequent dialftostica •••••• z-ray dittractlon••tc.
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3. Measur..-nt or Cuttln, rae••

It was desired to .as.... the cutt.1n, torce. present on the tool
tor correlation With depth ot eut an" ..terial propertie.. The
inatrYieftt used tor this vas a Kl.tle~·· Piezoelectric 3-coaponent
d~ter In oonJunetion with a listler 3-channel ohar....plltler
and a Soltec••• 6-ahannel .trip chart reoorder. Por this .tudy, only
the .tatic tool torce. weI'. desired and due to the oharle decay
characteristic ot the inatrLllent, only the enl.g_ent and dl.enpgement
torces were ••••ur.d. The dyn..ometer was d••laned tor maxl.ua cutting
torces In exceas or 500 Kg but the rorces experienced durinl this study
were typically between 0.5 g and 100 I. This resulted in the torce
.1snal output or ..pllrlers being or ca.parable aasnltude to slan.ls
gener.ted by randaa charge and drirt properties or the instruaent.
Although It was poSSible to discern .lgnals due to the oh~n.. In toroe
levels on the dynamometer, th~ employaent at the instrument tor such a
low range of maanitudes contributed. significant experimental error to
the results. The aagnituoe of the errors encountered are currently
bein, analyzed, however, the order at aagnitude or the torces as well
as the trends in the results are telt to be correct.

_. Diamond Tool Characterization

The diamond tools were inspected and characterized via optical and
scanning electron .icroscopy and a tool nose r.dius gage betore and
atter each .achini~g operation to determine the cutting edge roundness,
sharpness, wear behavior and failure aodes When failure occurred.

5. ReSUlts .nd Discussion

Machined Dpeclaens and diamond tools used in this study are still
being .n.lyzed; theretore, this report contaJns only our preliminary
results.

a. MlcrOharc1ness

Vickers hardness (50 s load) or the specl_ns _asured prIor
to aachining were plotted on contours or dashed line. OYer the
aatrlx or t.he phosphorus content md heat t.re.tllent. t_perature as
shown In Figure 1. Eaoh d181t .s.oclatld With the contour lines
represents the leYel ot Vicker. hardness as specitied oJ the
lesends. ThIs hardnes. contour plot shows 01ear1, that tor a
gi Yen phosphorus content, the hardness increases traa • 1011 leYel
In the as-deposited condition to a ..xl.\8 va1IM at an Inter­
Hdlate t_perature md t.hen to another low leYel at the hllher
~eat treataent t_perature as has been rrequently reported in the

"listler lnatruaent Corp., Allherst. II
•••Soltee Corp., SUn Valle" CA
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11t t ' 0• In the U-depa1 ted 1M»ftdl tlon. the bar....
1nor u t... pt.oepbor_ aontent der,.....d and thl. 18 .lao 1n
pneral ~~t wlt.h the e-er~ wend r.port.ed In t.he
11t....tur. • Haw..... tor ....t t.r••taent.. pertorMd .t. .l....ted
t_per.t..... bardne.. pe.ked .t an Int...-..dl.te pboaphor_
oontent. and the he.t tr..tIlent t_,.,.aturoe ot • _11... bardn.aa
ahitted to • lover t_peratur. u the phoaphorus oantent
decrened. ,. beU.... this behaYlor Is controlled br the kln.tic.
ot the phase transrorution rrc. the u-deposl ted .morphous at.te
to crystalline phase. .. shown b, the result. or the x-r.y
dlrtr.ctlon analy.la •......"........

1:-'- 4: __• ,:a-tIlI
I:~ I:~'" I:""

I
"c 1:..... I:,... I:''',.

'!I""c

I
I "c

iii· ........
e • 14

PII."••,.-....

Flaure 11 Intluence ot Phosphorus Content and Heat Treatment
Condition on Hardness

b. X-ray Ditrr.ctlon Analysis

ReSUlts or the x-ray dlrrraction runs pertor..d on t.he
aMplea beror...oblnlns w.re plotted In 111\11'"e 2. Specl.ens In
the rellon urked "a.or-phous" to the rllht ot the lower soHd line
were cc.pletelJ .-orphous eyen with he.t treat.ent .t 200·C when
the pho.phorus content was about is and ve.ter. Specl..ns
rallin. In the "transition" re.lon showed sl1aht .11ftS ot
ory.tallh.tlon or II and 113' pha.... S,.ol_ belonl1ns to the
"or:,rstall1ne" zone • .-ed to ha.. experienced DOIlplete
crrstallizatlon and substanti.l v.ln vowth. Superposition or
Flaure 1 on 'iaure 2 reYeals that the solid line diYlding the
"orystalline" and "transition" &OMS is parallel to and perhaps
ooincldes with the rid.. or aaxl... harclne.. oontour tor
pboaphorus oontents less than 10 vt ,. ProbablJ the axl...
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bardn... 1...1 81Ft hay. been .obl..ed on the cx.pletlon ot
nuole.tion ot II and 111' phas.. vIMn the he.t t ta.nt
t_pttr.tur.s oorr.spondlna to the solid lin. v dopted. When
the ....t tr••taent vu done above the t_per.tur. ...pr.ented by
t.... solid line, t"'n an .xee..lv. lI"aln lI"ovth oould reduoe the
hardne.s slnoe the oontrlbutlon to the hardnesa bJ the vain
boundary v.. nov reduoed.

"C_-.....,r---~--""'T---r--,---r----,

•

1-­
I "'c
I Ita.--- 14

Figure 2: Intluence or Phosphorus Content and Heat Treatment
Condition on Structure

c. Diamond Tool Wear

The accurate .easurement or diamond tool wear due to the
aachininl Is atlll In progreaa. Aa a prellm1nary tool wear
analysis. the aachining damage on the rake race or the diamond
tools vas ex..ined via optioal .Icroscopy. The deBree or the rake
r.ce vear or eaoh cutting edge vas graded trom 0 to 15 depending
on the extent or the vear zone. Suoh Brading or the rake tace
vear provided a s8III1-quantltatiYe Masure or the tool vear; hence.
the result vaa plotted in ao1id line contours on the aatrix of
heat treataent t_perature and phosphorus content as ahown in
F1sure 3. sa.ples With phOSphOrus oontent oorreapondng to the
right hand aide or the aontour .arked ·Aft did not render any
deteotable d..aao to the dl.-ond tool. sa.plea vith phosphorus
content and he.t trnt..nt oorreapondlnl to the r.glon between the
contours -8- and ·e· sutter.d notlonbl. claup, vhUe those
aa.ples to t ... l.t" band side or the conto... ·e· experienced verJ
heavJ cs.aae lnoludlll1 eel.. ohlppln.. Thl. , • ..-81 Inoreaai"8
tendenoy or rake tace vear .... correlated to deorea.lna
phosphorus content. Aa P oontent deere , Ii oontent ..
orJ.tall1ne nlokel lno.-..... , e.peciall, n the ._ples are heat
treated and orptapine nlok.l 1. known to v.ar and daIIqe diMond
tool. VIr' rapldl,. An lnt.....tine obaerwatlon vas that
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ory.tailine specl_ or the hlaher hardn... ley.l pr'Oylded lover
tool w.ar .. indioated by the noa.. in contour. -8· Md ·e·. Thh
reduction ot tool war upon hardn••• Inor..... It It can be
substantiated by turther analyal...... r.lated to ..educed
outtins forces as observed in CORventional outtlftl operaUona.

"e

I .we

I Ilea-,
"te

IOG"C

I
M-.........

0

• A

ftC)

....te

Figure 3: Influence of Phosphorus Content and Heat Treatment
Condition on Diamond Tool Wear

d. Surface Finish

Only the peak-to-valley surface tlnlsh basically determined
by the teed rate was aeasured in thIS allalyalD. We did not
Include long range "aviness. Figure. shows that the best finish
(tlner than 0.1 aicrolnch) was achieved with a..plea aontalning
greater than 11 1 P and heat treated tor atress relief but no
alorostruetural obange (200·C tor 2 hours). Superposition ot
Figure. 2. 3 and .. ahow that the best tiniah was obtained With the
a..plea ot phosphorus oontent creater tbM 111 and a stress­
relieved amorphous structure. However. it the surtace tinish was
relaxed to , alcrolnch peak-to-valley. then ...plea of wider range
ot phosphorus Md heat treataent oo~1d be aacblned With tolerable
tool "ear.

It "as dlffloult to 1evelop a ·oorrelation between surtace
tinish and hardneas. The only conclusion that could be extraot.3d
tram this prel1.inary analyais "as that tor a IOOd tinish. •..ples
should oontain aubstantial phosphorus and oould be heat treated to
various hardneaa lll!vels as already atated above.
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Figure _: Influence or Phosphorus Content and Heat Treatment
Condition on Surface Finish After Diamond Turning

e. Cutting Forces

The Masured three cc:.ponents or torce correspond to: a) Fx'
the cuttinl forc~ in the direction of teed; b) Fz• the normal
force in t:-Ie direction of the spindle axis, and c) Fy• the cutting
force which is positive downward for a typic~l horizontal-axis
spindle. Typical results or the measurements are presented in
Filure 5 Which is a plot ot the arittaetic aean of the engagement
and dia.PI_nt rorces veraus heat treatllent condi tions tor the
7.3J phOSphOrUS a.ries apecimens. Theae forces correspond to the
200 microinch depth or out pass Which was telt to provide the most
reUable reaw.ts. Aaide trc. the norllal torce measur.ent tor
apecl..n 1D, the other conditions deaonstrated a IOOd trend
oorrespondenoe between _Pl__nt and disengas.ent. The shape at
the ourve deaonetrates little chanae In torces bet....n speclaens
71 and 78 but a lar.. increase in torce between specimens 7B and
7D, Where 7A, 7B. 1C and 1D represent speciaens oontai nina 1.3 vt
J phOSphorus and 1 • as-depoeited, B - 200·C, C • 'OO·C, and D ­
600·C; all tor 2 hours at t.perature. Preliminary analysis at
speclaena at other phosphorus levels verity theae trends and also
suaest the posSibility or a rorce decrease '11th low t_parature
heat t ....tlna. Althoup the analysis or these trends Is still
tentative, this does sUSlest a lar.. Influence or atreaa rel1evlna
tor the 200ec heat treataent but that recrystallization la a
cso.lnant Influence tor the hllher t_peratures.

10



It II not kftOWn .., the ..... or dl-.0n4 toolI II NdueiIcI .....
nickel cont.ins phoephorua. OM lpeoul.tlon II that the redu0e4
wear .y be due to the r~IOft of a JIrOteoU.e 1.,.- of
pboaphorua on the dl...... bot... it. worth ooul l .. II
the taot that .. t.he pbOapbor'ua oontat clter..... u.. t o, tor
InbClUlllleoua dlltrlb11tlon ot II ucl P lno,....... Tbla lnONaHB
t.be trequeno, ot ar,lt.alUne II lelanels .YaU.ble to -Vadl the
dl.-oncl tool.

Another possibility relate. t.o the tact that the behavior or
nickel 18 not1ceab17 abuSed by the pr••ence or phosphorus. In
seneral, depoai ta aontalnln, phosphorus In exceSB or a. are non­
upetic. It hal been Buaesteel that perhaps the phOSphOrWI
reduces the che.ical reactivity or the 3d electron lev.1B
responsible tor the strong Interactions between rerroWi .etals and
diamond. An in~rease in d-level binding energy and a decrea.e In
density of d-level ~tates has been round In alloys or nickel with
a number or ••tala'. It would be or interest to investigate the
charge states or nickel containing varying amounts or phosphorus
to see it they correlate with changes In wear rates •
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I. SUIIIlIY

The oonoluelon drawn rro. thl. work 1. that electrol••• nlokel deposit.
tor .l~e point d1MOftd turn1q ahould contain at leut 11S phosphorus to
ainl.1.. tool ...... A at,.... rellet tr......nt at 2OO·C tor 2 hours
appeared to enn turther enhance the outt11\1 oharaoter1at1oa ot depoeI ts
centalnlna veater than 11S phosphor..-. It vas also deteN1ned that.
s1anlf1oant Increas. In outtlR1 torce vas lanarally noted tor ...ple.
heated at .00 and 600·C.
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