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electroplating baths described in the prior art is cracking of the deposited alloy and
loss of adhesion to the substrate. The presence of cracks in the alloy results in

15 reduced hardness and also tends to reduce the toughness of the alloy coated work
piece. Accordingly, it would be desirable to develop an iron phosphorus electroplat-
ing bath which would produce alloy deposits which exhibit little or no cracking or loss
of adhesion on annealing.

20 SUMMARY OF THE INVENTION
In one embodiment, this invention relates to an agueous acid iron phospho-
rus bath which comprises
(A) at least one compound from which iron can be electrolytically
deposited,
25 (B) hypophosphite ion, and
(C) asulfur-containing compound selected from sulfoalkylated polyethyl-
ene imines, sulfonated safranin dye, and mercapto aliphatic sulfonic acids or alkali
metal salts thereof.




al so may conprise alum numions. The invention also relates to a process
for el ectrodepositing an iron- phosphorus alloy on a conductive substrate
whi ch conprises 5 (A) providing an aqueous acidic electroplating bath as
descri bed above, and (B) effecting the electro deposition of-the alloy on
the substrate through the use of said electroplating bath. The all oys

whi ch are deposited on the substrates by the process of the present
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In one embodiment, the invention relates fo an aqueous acidic iron

phosphorus bath comprising
15 (A) at least one compound from which iron can be electrolytically
deposited,

(B}  hypophosphite ion, and

(C)  asulfur-containing compound selected from sulfoalkylated polyethyl-
ene imines, sulfonated safranin dye, and mercapto aliphatic sulfonic acids or alkali

20 metal salts thereof.

The source of iron in the electroplating bath can be any of those sources of
iron known to the art such as ferrous sulfate, ferrous chloride, ferrous fluoroborate,
ferrous sulfamate, ferrous methane sulfonate, and mixtures thereof. In one
embodiment, the source of iron is a mixture of ferrous chioride and ferrous sulfate.

25 The amount of ferrous ions in the plating baths should be in the range of from about
20 grams to about 120 grams per liter or from about 0.5 molar to as high as the
saturation limit for ferrous ion and the plating bath which may be up to about 2 molar
ferrous iron. In another embodiment, the concentration of the ferrous ions in the
plating bath is from about 20 to about 80 grams per liter of the bath.

30 Hypophosphorous acid (H,PO,) and alkali metal hypophosphites are usefu!
as sources of hypophosphite ions in the electroplating baths of the present
invention. In one embodiment, the source of hypophosphite ion in the bath is a
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I nvention. In one enbodi nent, the source of hypophosphite ion in the bath
Is a -2 mxture of hypophosphorus acid and an al kali netal hypophosphite
salt. Exanples. .of useful hypophosphite salts include the sodium salt

(NaH, PO2) the potassiumsalt (KH2PQ2), etc. The concentrations of the
hypophosphite ion in the plating bath of the present invention determ nes
t he anbunt of phosphorus in the iron-phosphorus 5 all oy deposited fromthe
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invention also contaln a sulfur-containing compound selected from sulfoalkylated
polyethylene imines and mercapto aliphatic sulfonic acids or alkali metal salts
thereof. It has been discovered than when these sulfur-containing compounds, as
described more fully below, are incorporated into the electroplating baths, superior
20 iron-phosphorus alloys are deposited from the bath onto conductive substrates, and
these improved alloys are obtainable with the electroplating baths of the present
invention which may be free of complexing agents ordinarily utilized in prior art
electroplating baths. In one embadiment, the mercapto aliphatic sulfonic acids and
alkali metal salts may be represented by the formula
25 Y-8-R'-80,X |
wherein X is H or an alkali metal, R' is an alkylene group containing from 1 to about
5 carbon atoms Y is H, S-R'-80,X, C(S)NR,”, C(S)OR” C(NH,)NR,", or a
heterocyclic group, and each R” is independently H or an alkyl group containing
from 1 to about 5 carbon atoms.
30 In another embeodiment R' is H or an alkylenic group containing 1 to 3 carbon

atoms and R” is H or @ methyl group.




het erocyclic group, and each R' is independently H or an al kyl group
containing from1l to about 5 carbon atons. 30 In another enbodinent Rl is
H or an al kyleni.c group containing 1 to 3 carbon atonms and R' is Hor a
met hyl group. -3 A variety of useful nercapto aliphatic sulfonic acids and
al kali metal salts thereof are available from Raschig. Specific exanples
I ncl ude nmercapto propyl sulfonic acid sodiumsalt (identified as MPS);
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15 the electroplating bath may range from about 0.01 to about 0.1 gram per Ilter of
bath.

In another embodiment, the electroplating baths of the invention may also
comprise aluminum ions. Examples of aluminum ion sources which may be
included in electroplating baths include aluminum sulfate, aluminum chloride, etc.

20 The amount of aluminum ion which may be present in the plating baths of the
invention may range from about 0.1 to about 10 grams per liter of bath. In another
embodiment, the electroplating baths may contain from about 1 to about 5 grams
per liter of aluminum ions.

The electroplating baths of the present invention may contain compounds

25 which act as complexing agents and/or stabilizers. However, one of the characteris-
tics of the plating baths of this invention is that alloy deposits having excellent
properties can be obtained without any stabilizers or complexing agents inthe baths.
in some instances, stabilizers and complexing agents known in the art may be
included in the baths. Examples of such compounds include glycine, B-alanine, DL-

30 alanine, succinic acid, L-ascorbic acid, gluconi¢ acid, oxalic acid, etc,

The plating baths of the present invention may further contain one or more
water-insoluble materials selected from metals, water-insoluble inorganic and
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25 whi ch act as conpl exi ng agents and/or stabilizers. However, one of the
characteris- tics of the plating baths of this invention is that all oy
deposits having excellent properties can be obtai ned w thout any
stabilizers or conplexing agents in the baths. |In sone instances, -
stabilizers and conpl exi ng agents known in the art may be included in the
bat hs. Exanpl es of such conpounds include gl ycine, B-al anine, DL- 30
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15 The fine particulates used in the practice of resent 1 nvention may

preferably raisnEdPreafopt| an saqueoys W'Wﬂ@ﬂ"@'@@tfﬂﬂﬁnWﬂs@ep&l@i dramly 0.1

to 20 pm gﬁlg}npd&fédp,ﬁrcgl Wrﬁrﬁﬁaﬁr ably be 0.01 to 2000 pmlong, nore
preferably 0.1 to 60 pmlon articul ates and/ or fibers may
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b e RSB 2B 200 PR o et 81 10
pm, and the fibers may preferably be 0.01 to 2000 pm long, more preferably 0.1 to
60 ym long. The particulates and/or fibers may preferably be added to the plating
bath in an amount of 5 to 500 gram/liter, more preferably 20 to 100 gram/liter.

20 The plated film obtained from a composite plating bath having dispersed
particulates or fibers as described above has an iron-phosphorus deposit as a
matrix phase in which the particulates or fibers are codeposited and dispersed. The
codeposited particulates or fibers add their inherent properties. to the overall film

_'while the matrix phase of iron-phosphorus deposit maintains its own good

25 mechanical properties.

Further, a water-soluble titanium compound and/or zirconium compound may
be added to the plating baths of the present invention to produce composite plated
films having improved abrasion resistance. The titanium and zirconium compounds
used herein may be, for example, Na,TiF,, K,TiF,, (NH,),TiF;, Ti(SO,),, Na,ZrF,,

30 K.ZrFg, (NH,),ZrFs, Zr(80,),.4H,0, etc. and mixtures thereof. The amount of the
titanium or zirconium compounds added may be 0.05 to 10 grams, more preferably
0.1 to 5 grams calculated as elemental titanium or zirconium per liter of the plating
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particul ates or fibers as described above has an iron-phosphorus deposit as
a mtrix phase in which the particulates or fibers are codeposited and

di spersed. The codeposited particulates or fibers add their inherent
properties to the overall film while the matrix phase of iron-phosphorus
deposit maintains its own good 25 nechanical properties. Further, a
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al l oys can eposited om t he at hs of the present invention
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abgpt 100 ARIMY.dn2. The thickness of the iron phosphor us all oys deposited
fromthe e.I ectro tlwz:i ’tthiicq'(%ess of the iron phosphorus alloys deposited from the electroplating
baths of the invention may range from about 1 to about 250 microns, and in another
embodiment, from about 10-150 microns.
The following examples illustrate the electroplating baths of the present
20 invention unless otherwise indicated in the examples, all parts and percentages are
by weight, temperatures are in degrees centigrade and pressure is at or near
atmospheric pressure. The examples are illustrative and are not intended to be

limiting in scope.

25 Example 1 al
FeS0,.7H,O 400
FeCl,.4H,0 80
H,PO, 2.24
MPS 0.05

30 Water Remainder




baths of the invention may range fromabout 1 to about 250 microns, and in
anot her enbodi nent, from about 10-150 m crons. The foll owm ng exanpl es
illustrate the el ectroplating baths of the present 20 invention unless
otherwise indicated in the exanples, all parts and percentages are by

wei ght, tenperatures are in degrees centigrade and pressure is at or near
at nospheric pressure. The exanples are illustrative and are not intended to
be |imtingxamplecdpe. 25 Exams 1 g/1 FeSO4. 7H20 400 FeCl 2. 4H20 80 H3PQ2
2.24 MPS OFg§ zp_lecé\at er Renai réggr -6 Exanple 2 FeSO4. 7H20 300 Fed 3. 4H20
60 H3PQ2 2 BP .05 Water Remai nder Exanple 3 Ferrous fluoroborate 60
10 FeSO4. 7H2€CH@®,OH3PC2 8 SP$00. 05 Water Remmi nder 15 Exanple 4

FeSO4. 7TH20 1313902 FeCl 2. 4H20 60

2
5 MPS 0.05
Water Remainder
Example 3
Ferrous fluoroborate 60
10 FeS0,.7H,0 400
H,PO, 8
SPS 0.05
Water Remainder
15 - Example 4
FeS0,.7H,0 300
FeCl,.4H,0 60
H,PO, 1
MPS 0.05
20 Al(80,),.18H,0 60
Water Remainder
Example 5
FeSQO,.7H,0O 300
25 Na.H,PO,.H,0O 3
H,PO, 4
DPS 0.03
Water Remainder
30 Example 6
FeSQ,.7H,0 300
FeCl;.4H,0 50




H3PO2 1 MPS 0.05 ~

20 Al 2(SO4) 3. 18H20 60 Wt er
FeSO4. 7H20 300 25 Na. H2PO2. H2O 3 H3PC2 4 DPS 0.03 \Mter

Exanpl e 6 FeSO4. 7H20 300 FeCl 3. 4H20 50
Al 2(S04) 3. 18H20 60 5 Exanple 7 FeSO4. 7H20 400 FeCl 2. 4H20 80 H3PQ2 2. 24

MPS 0.05 10 Ti02 2 Water

Renmi nder

FeCl 2. 4H20 80 H3P0O2 2.24 MPS 0. 05

10

15

20

25

30

H,PO,
SPS
Al,(SO,),. 18H,0

Example 7
FeSO,.7H,0

FeCl,.4H,0
H,PO,
MPS

TiO,
Water

Example 8
FeSO,.7H,O

FeCl,.4H,0
H,PO,
MPS

SiC

Water

Example 9
FeS0O,.7H,0O

FeCl,.4H,0
H,PO,
MPS

MoS,
Water

Example 10
FeS0O,.7H,0O
FeCl,.4H,0
H,PO,

3
0.06
60

400

80

2.24

0.05

2
Remainder

400

80

2.24

0.05

2
Remainder

400
80
2.24
0.05 .
2

Remainder

400
80
2.24

Renmai nder

Exampl e 5
Renmi nder

-7 H3P02 3 SPS 0.06

Exanpl e 8 FeSO4. 7H20 400 15

30




sic 2 Water Rermainder 20 Exanple 9 FeSO4. 7H20 400 FeCl2.4H20 80 H3P02
2.24 25 MPS 0.05 MS2 2 Water Remainder Exanple 10 30 FeSO4. 7TH20 400
FeCl 2. 4H20 80 . H3P02 2.24 -8 gE MPS 0.05 Fluoro A650 2 Water Remai nder 5
Exanples (all) 11 12 13 14 15 FeSO4. 7TH20 400 400 400 400 400 Fed 2.4H0
80 80 80 80 80 H3PO2 1.56 1.65 2.31 3.17 4.29 MPS 0.05 0.05 0.05 0.05
0.05 10 Water Renmi nder Remai nder Renmi nder Remainder Remai nder 1In one
enbodi ment ,Mpge pl ating baths gfog his invention are useful for depositing
an iron-phosphorus_alloy on a yariety of conductive substrates including
iron, steelflUQIUAPHim all oys, étc. Thus the plating baths of the invention

are useful dbidi depositing angehpfingdtosphorus alloy on small parts,
| am nated materials, plates,

5 Examples (gl 11 12 13 14 15
FeSO,.7H,0O 400 400 400 400 400
FeCl,.4H,0 80 80 80 80 80
H,PO, 1.56 1.65 2.31 3.17 429
MPS 0.05 0.05 0.06 0.05 0.05
10 Water Remainder Remainder Remainder Remainder Remainder

In one embodiment, the plating baths of this invention are useful for
depositing an iron-phosphorus alloy on a variety of conductive substrates including
iron, steel, aluminum alloys, etc. Thus the plating baths of the invention are usetul

15 in depositing an iron-phosphorus alloy on small parts, laminated materials, plates,
wire rods, slide members etc. A typical example of a slide member is a skirt of a
piston which is operated for sliding in a base of a high silicon aluminum alloy
cylinder. Slider materials include magnesium alloys, gray cast iron, spring steel, tool
steel and stainless steel. Other examples of slide members which may be plated

20 with the electroplating baths of the invention include pistons, piston rings, piston
rods, bearings, bored cylinders, shafts, clutch housings, clutch diaphragms, springs,
etc.

To demonstrate the improvements obtained with the baths of the present
invention containing the sulfur-containing compounds, comparative plating baths are

25 prepared similar to Examples 1 and 4 above but without the sutfur compound MPS.
Comparative Example 1 afl
FeS0Q,.7H,O 400
FeCl,;.4H,0 80
30 H,PO, 2.24
Water Remainder




wire rods, slide nenbers etc. A typical exanple of a slide nenber is a
skirt of a piston which is operated for sliding in a base of a high silicon
alumnumalloy I1l1( cylinder. Slider materials include nagnesium all oys,
gray cast iron, spring steel, tool steel and stainless steel. Qher
exanpl es of slide nmenbers which may be plated 20 with the el ectroplating
baths of the invention include pistons, piston rings, piston rods,

beari ngs, b@ﬁmgaggwbmﬁemgjeghafts, cl utch housi ngs, clutch diaphragns,
springs, ﬁ q$nnnstrate t he ingéovenents obtained with the baths of
t he present e$9v§ﬁt on contai ni ng tf sul f ur - cont ai ni ng conpounds,
conpar ati vepgtbayHg baths are 25 pggpared simlar to Exanples 1 and 4
above but wi thdut the sul fur compound MPS. Conparative Exanple 1 g/l
FeSO4. 7H20 U0, FeC13. 4H20 80 30 H3P2 2.24 Water Remainder -9 i

arative FeSO4. 7H20 3 FeCl13.4H20 60 H3PCO2 1 5
g AR o0 Br ki -

(SHM) 3. 1 er Remai nder rk pieces of 4032 alum num all oy, or
Al SI Ol (UN&ater31501) oil hardeni ngRemadidest eel all oy rods (mandrels) with
di aneters between 0.8 and 1.2 cm or six inch 10 by 2.5 inch stationary
cast alum num ADC 12 all oy panels are electroplated with the plating baths
of exanples | an.ﬂioﬂk;aedemmealummua@mpjca'AISBmd(lﬂNSﬁasdeaulhﬁz«ampge 2 at

R T AR Gl K B R O S KM
spgeds by 2.5 inch stationary cast aluminum ADC 12 alioy panels are electroplated with the
plating baths of examples 1 and 4 and Comparative Example 1 and Comparative
Example 2 at a temperature of about 50°C with an applied direct current density of
10 A/Jdm®. The mandrels are rotated at about 1000 rpm to provide solution speeds
of about 3.6 m/minute, and the anodes are polypropylene bagged steel strips. Inall
15 the tests, the solution is continuously circulated with turnover rates of about 10 per
hour. |

Typical processing sequences for steel and aluminum are:

(1)  sand mandrel sequentially with 320, 400 and 600 grit sandpaper,

(2) weigh mandrel,

20 (3) tape areas that will not be plated, and carefully measure the area that
will be plated,

(4) prepare steel mandrels for plating by standard immersion in a hot
alkaline electrocleaner followed by cold-water rinse (CWR), brief immersion in a
dilute hydrochloric acid solution, and a second CWR,

25 (5) prepare aluminum mandrels and panels for plating by a standard
double zincate treatment.

After plating is completed, the mandrels or panels are removed, rinsed, the
tape removed, dried and then reweighed. Alloy morphology is observed by scanning
glectron microscope {SEM), composition is measured by energy dispersive

30 spectroscopy (EDS) and in some cases by x-ray photoelectron spectroscopy or
proton induced x-ray immision. Current efficiency is calculated based upon
determining the theoretical weight gain from the measured alloy composition and the
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of about 3.6 m mnute, and the anodes are pol ypropyl ene bagged st eel

strips. In all 15 the tests, the solution is continuously circulated with
turnover rates of. about 10 per hour. Typical processing sequences for

steel and alum num are: (1) sand nmandrel sequentially w th 320, 400 and 600
grit sandpaper, (2) weigh mandrel, 20 (3) tape areas that will not be

pl ated, and carefully neasure the area that w Il be plated, (4) prepare

slt eel rralndr\@éight;t@nfalt ﬂieam'egmlbﬁlggb@cﬂtﬂwfduhﬁnﬁr&i ime iwogad b]gic;ucalfbﬁi_;ddhean

el ectrocl eaner foll owe col d-wat er rinse rief J rsigp in a

i ut e hy QrUOHUBIRBEBARTaY SiaM ARG lahies T McEleb b emp s, AE Rl diack

al um num neRgngl sredttaiRad By Dbseriny Wk Isnaa@yuﬁngbgﬂgarrﬁicrdéey\w OM).MTRé ©
treatnment. After plating i§ qo&l eted, the mandrels or panel's are renoved,
ri nsed, thelloyfhases ase sigtermined byndrayhawdasdafigetametsr Cd. XIRPISOLEGY i s
observed by, | | r }: Ik | Ithg'®asured by
ené%r gy di spﬁ\a{ﬁs%%\w %gasss%gggé 5’3?&@@'% EE@?&gsngﬁﬁ&g{)%Egggfgg Iag@tit-ﬁlgay 3

phot oel ect rgrindepant mbseming bow nuurakt mon-stnehkesubsicateas axpoted adjaceuirto ding

gai n 17 om ibchaBHrd” Br B RRUNIRN: ot YR, SR e T Rl R
geasgred plrtedtpetregofehwatérglrﬁndaoblsémmg t\helédlzahtipgoirblucmgﬁsmf ijusﬂmlrzigg c>raJ;ulhe)c1:r usikng
araday' s w and t t es in er ectroplating, 4 | t.i.on. ac
Count < ar e GasoRPHeD Bpe SHcErasshy ot e deapsRarecbiaibed By metioareniSdnss (om
The all oy a6k and fardésy iSuBRImMedbY YadiPing @ie Eroks asttuiRdbativkaitk - r ay
source. 5 Adhesion is assessed by Strlklnﬂ coupons or nmandrel s agai nst a

rotating shanpcrobaidngss testar. obbe QN mypd A PbiRiRed of (RINeseHativereness s
exposed adj%q:fﬁg;;| to the struck substrate, or by heating the coupons to
300C, quenchi ng ?‘hem into room tenperature water, and observing the
coating for signi® abséds sherfiegt of tbe rmulfur-thadifieds elestropliating hiathsée sbe of

the deposi téor%h%ra%t\)l}aaéﬁ%lgg n%%@ﬁtgmgam%i e?ulﬁﬁ’-%ﬁﬁtaining compounds, several

15 tests are performed where the mandrels or panels are tested before and after

annealing. In all cases, the annealing furnace is pre-heated, samples are

introduced and remain at the indicated temperature for 30 minutes. The samples

are then withdrawn from the furnace and allowed to ballistically cool in a room

temperature environment placed on top of a Kimax watch glass. The Vickers

20 hardness of the deposit is determined. The results of these tests are summarized

in Table I. As can be seen from the resuits, the initial hardness of the deposits

obtained with the baths of Example 1 and Example 4 is higher than the hardness

obtained in the Comparative Examples containing no sulfur compound. When the

deposits of the Comparative Examples are annealed, there is a significant increase

25 in hardness. In contrast, annealing of the deposits obtained from the baths of
Examples 1 and 4 does not result in a significant increase in hardness.
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10 section, and hardness is determ ned by neasuring the cross sectioned
coating with a mcrohardness tester. The OM and SEM are obtai ned of
representative cross sections. To assess the affect of the sul fur-nodified
el ectroplating baths to the Conparative Exanples not containing the

sul fur-cont ai ni ng conmpounds, several 15 tests are perforned where the
mandrel s or panels are tested before and after annealing. In all cases, the
anneal ing furnace is pre-heated, sanplEslere introduced and remain at the

i ndi cated tenperatuyre,for m, Nut es. e sanpl.es _.ar hen. w t hdrawn from
the furnace and al MSFX%@Q? ﬁgﬁwi"@aﬁs;p&"ﬁt@é‘{g?ﬁﬁn%al'%gﬁ&p%é%%r ature

envi ronment placed on top of a Kinax wat ch gl ass.Anfipaling Teknperatdr® (1€3r dness
of the deposit is.determ ned. The r ts of se testggpare su ized in
Table 1. Asig%gn—tl% seen fromthe reﬁﬁlt l|s, theé—@neitial hardness o he

depbsits obxampied with the baths oBf8Fkanpl e 1018%d ExarffPé 4 is AlQher than

t he hardnes i ] he Conpakgéve Exajgglies contgpgi ng nosgy fur
conpound. 8WB?|%§V&§%€H0@??S of the Conparative Exanpl es are anneal ed,
there is a Examlefcant increase 25 BA%Rardnes&93n cont®®8$, annb2ting of

the deposit gopRbRtiNexdmment he bat haaef Exanpizs 1 andzg.does negsresul t
in a significant increase in hardness. -11 Table |I Hardness Val ues (kg/ mmR)

as Function of Annealing Tenperature Annealing Tenperature (C) Deposit of

Inigial 300 350 188 AlldyshiHieh dre8egoshéd fronptReadladtioffatinganpl e
1 H/‘519. 6 1111 100’59?%%'%&%&%@% 4567@.2 78077 699 8 653 Coppar a%fﬁ?ga
Exanpl e 2 4hsthz1d e pesent inzention centaie irondrmasphaaipand Hifug) Tog 3mMmenks ar e

' on. phospRO7HLeTGoEEHa ity baict ot M ARt DL RcpROsARE, 2!
al | oy vari esontainedtih thengdltiarnanditivecutreot densitpphbissante seen from the results
of the experiments and tests with the electroplating baths of the invention containing
15 varying amounts of hypophosphite. In Examples 11-15, the plating bath prepared
as in Example 1 is modified to contain amounts of phosphorus varying from 0.016

to 0.065 moles per liter, and the electroplating on aluminum 4032 rods or mandrels
is carried out at 3 different current densities: 10 A/dm?; 20 A/dm? and 30 A/dm?. The
deposits obtained are analyzed for percent phosphorus. The resuits which are

20 summarized in Table |t indicate that the phosphorus content of the deposits varies
with the hypophosphite concentration in the electroplating bath. The results also
demonstrate that the hardness of the deposit generally increases with increasing
phosphorus contents at the levels studied.

25
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contained in the solution and the current density. This can be seen from
the results of the experinents and tests with the el ectropl ating bat hs of
the invention containing 15 varying anounts of hypophosphite. I n Exanples
11-15, the plating bath prepared as in Exanple 1 is nodified to contain
anounts of phosphorus varying fromO0.016 to 0.065 noles per liter, and the
el ectropl ating on al um num 4032 rods or nmandrels 1is carried out at 3
different current densities: 10 A/ dn2Ta@@|AM M2 and 30 A/dn2. The deposits
obt ai ned are anal yzed for percent phosphorus. The results which are 20
sunmari zed Yaiatigniia i Cantentdn:Renasilt is b Qs Herpentration G Baih and {HEregbposi t s
varies V“tﬁbﬁi hypophosphite concentration in the el ectroplating bath.

The results als denonstrate that the hardness of the deposit generally
increases with increasing phosphorus contents at the |levels studied. 25
-12 Tabl e Idurrglfi’trl)'eﬁst&gon | ngBnGPNt entglylp BERGRI L 1S %égf:ngl GQ%%%Fdﬁésbon on

Bat h and Nsi tyeRa rentmbigdaidrt y Bath efw Bath P amirent Pin
Deposi t \/ ckers Har dness A/ dn2 Exanpl e m)l es/liter %v (Kg/nmme) 10 11

0.016 3.4 9W6 12 0.025 4.711097 1004® 0.035 5.3 B#28 14 094848 7.3 767 15
0.065 6 1032 20 11 0.016 222 843 14026 (. 025 2. 94%23 13 019%35 3.8 1064

14%.048 5.1 1168 15 0.043 4.3 106%3%0 30 11 0.02§ 2.3 866)

15 0.065 1032

20 ' 1 0.016 2.2 843

15 12 0.025 29 823
13 0.035 3.8 1064
14 0.048 5.1 1168
15 0.065 4.3 1064

20 30 11 0,016 2.3 866
12 0.025 24 B35
13 0.035 29 919
14 0.048 4.2 1081
15 0.065 52 980

25
In one embodiment, the iron-phosphorus alloys which are obtained utilizing
the electroplating baths of the present invention contain from about 70 to about 99
atomic percent of iron, from about 1 to ab'out 30 atomic percent of phosphorus and
from about 0.1 to about 0.5 atomic percent of suifur. In another embodiment, the
30 alloy contains from about 92 to about 98% atomic percent of iron, from 1.7 to about
7.5 atomic percent of phosphorus and from about 0.1 to about 1.2 atomic percent
of sulfur.
EDS is used to determine the phosphorus and sulfur concentration of a
cross-sectioned deposit from the plating baths of Examples 1 and 4 deposited onto
35 4032 aluminum mandrels. The deposits obtained with the piating baths of Example
1 and Example 4 exhibit excellent uniformity throughout the cross section, and sulfur
is detectable in the alloy. Confirmation of sulfur in the alloy is performed using
proton induced x-ray immision spectroscopy (PIXE) and x-ray photoelectron
spectroscopy (XPS).
40 The adhesion of the deposited alloy deposited from the baths of Examples
1 and 4 is improved by the presence of the aliphatic sulfur-containing compound

13-




12 0.025 2.4 835 13 0.035 2.9 919 14 0.048 4.2 1081 15 0.065 5.2 990 25
I n one enbodi nent, the iron-phosphorus alloys which are obtained utilizing
the electroplating baths of the present invention contain fromabout 70 to
about 99 atomc percent of iron, fromabout 1 to about 30 atom c percent
of phosphorus and from about 0.1 to about 0.5 atom c percent of sulfur. In
anot her enbodi nent, the 30 alloy contains from about 92 to about 98% at om c

percent of MPSDThfsﬁ@dbrhoﬁsﬁr@tedb?_meeriﬁgmb@mhésibﬁb@ﬂi@de(gfosmbﬁl%mfﬁﬁn and
fromabout 0.1 to about er cent sul fur. EDS is used to

1.2 atonic of > |
deter m ne 1SeCtRARGcRAIES Sen thelbaihd SLRGRRIeArt 8he 4rlo dhe depastsabiaineded
deposit fr ' @ﬁperm nﬂjé‘?a e@w’ d ; 4032
al um num m@?}ﬂﬁt@%g@trﬁ_ﬁe deggiaﬁtﬁggfggt al negﬁﬁ\/ﬁ%h thetﬂ’pl at | ndégége%gé%{‘ve@anpl e
1 and Exanplwo typesiof bidhesien @re sidiadnrt herates] andralumginem meaadmeisshe st i on,

't . . : S o . oy ¥
e Spor f or Pl TSI Bnbotvalth & tiStbrnb R Ao p00 Cltlaipdidy 2,
X-ray phot adhkdwt rod anspeetingsntopyalekK@Epbodi01TRe Rbbeecond alihesien desidsi t ed

|l oy d ited f he ,bat hs .of 4 is i d.by th
b eoance ofoRSEEVaLR A 1% ErEeR ffore FhRhE Rgathdiitss e DA Sag of £ <
denonst r at egdglon tERRY bt suttedsd &sa @indihg Wheek gyies isbreld ierieéntatiomto

el ectropl ating baths fromthe baths of Exanpl es and 4 to the deposits
obtai ned RtAN{AR beakRreprratignsHFa: ¢W@§aﬁ;ﬂfm&%“&%§@m o fpl e 2,

regpect i vel Yyith INPgd pdsRSrath t oPBoRipRrativEE:@hMe 1 iltficbs Hat 3G hopm num

@!ﬁﬁ
mandrels. The first 5 type of adhesion is observation of blisteri g
fol | owi ng hefdbe sigel or Foodumsogs extdrivgpodiathesion whrreas anycl™ agthestesl wat er

b 2" S SN 30 S5, bl S ORI Bt Pt rom
adhesion. Although the alloy deposited from the bath of Example 4 does not exhibit
good adhesion on steel, good adhesion on aluminum mandrels with the plating bath

15 of Example 4 is obtained in over 80% of the tests whereas good adhesion of the
deposit with the bath of Comparative Example 2 is obtained in only 30% of the tests.
The crystallography of the alloy deposit obtained with the plating bath of
Example 1 has been determined. Coupons that are coated with iron-phosphorus
on the bath of Example 1 are observed using TEM XRPD and SEM, and the results
20 indicate that the deposit is a mixture of a very fine grained 50-100 (nm) alpha iron
in an amorphous FeP matfrix. When this deposit is allowed to stand at room
temperature without annealing for over one year, the deposit demonstrates a
decrease in amorphous signal and an increase in alpha iron signal intensity when
measured using a standard x-ray powder diffractometer and compared to fresh
25 deposits. Both fresh and room temperature aged deposits show dramatic changes
in crystallography after annealing. Annealing studies are carried outattemperatures
of 200°C, 350°C, 500°C and 600°C. Samples annealed at temperatures above
350°C with annealing times in excess of 30 minutes followed by cooling, do not
exhibit further crystallographic changes.
30 It has also been demonstrated that microcracking of the deposit is affected
by the presence of the sulfur-containing compound in the electroplating baths.
When the sulfur containing compound is absent (Comparative Examples 1 and 2)

-14-




regi on that has been subjected to a grinding wheel. After sone
experinentation to obtain the best preparation cycle, conparison of the
deposit frombath of Exanple 10 . 1 with the deposit fromthe bath of
Conparative Exanple 1 indicates that over 85% of the steel or- al um num
rods exhi bit good adhesi on whereas only 38% of the steel and al um num rods
coated with the bath of Conparative Exanple 1 exhibit good adhesion.

Al t hough t lthe rbhphodphotisidegobity mftehanimetiing ofaviedargel ircréadesin aratk auni bi t

good adhesi on, on steel., 9o adhesi op on_al um n mandrel,s with the plating
Barh 15 of 4th g8 seciinspiiae Auees darasnsols bAt P s AR A aED
adhesi on of e widePasH tofilint Bxjidie thet Sutitrafe M lEYSsiExabRird2wits tedt ai ned
inonly 30% of the tests. The crystall ography of the alloy deposit

obt ai ned wielactiortatinghathy obfherpresentinypplien. fonframpler=REmRie tiandd=xatip ons
that are coat n¥t $ %Oxé’hhrgﬁteﬁﬁﬁﬂﬁéléfacﬁ%hhﬁa _%r@antﬁgﬂml@&a graglser ved

using TEM X an e results 20 Indicate at the deposit is a
m xt ure of widtherarefrobincyeasedednd orapis exienjlinglfisima surfage josubstrateparptiogs FeP

mat ri x. Wen thi Lt I t .0 e Mt hout
T e 1 AEPRSY udeh B8 e Y rlonkBOGF uie" ARG iy P!
am)rphogs sq:cgimunmsdingmédpmtiegstmthm cdltbggapr:cesmt isni/g{lmn iaatmwiquw;mene f )
nmeasured using a stapdard. Xx:ra r., di£fract.o r cQ red.to fres
5 deposi t <PTOHGR U B i merubd sfepin, T PRYEH Bt e TRRBIPGratlel. i
chpnges i ne|éétvayﬁé,ldwoa@iarﬁbﬁtéh§6araanma{ ¢odgror pravsals iprsioidecsmposttiomr ri ed
out at tenperatures of 200C, 3

] 0' C, 500C and 60Q' C._ Sampl es a ea{],ed at
t enper at ur €@ 8i950g- I sotragt; N‘%ﬁ'ﬂ!_ﬁﬂ DAt of %@pp@t@g@@@gﬂﬁgs %@"Hi {pich
fol | owned byh%}é%éég'gsu t8@ %o erééhb@sik_shawtéi@ﬂfi@arny&iabﬁ&%amfegrslh@mezé- 30
een denons k f d

It has al so trated that mcrocracking of the deposit is affected
by the pr esfemigeioofont $tandingf ur - cont ai ni ng conpound in the el ectropl ating

baths. Wen th f . Al ni j i xanpl es
Tand 2) e 1a' ¢ el SHé AR LA BRI el BASEEH, 1O R TRRGE ElolCT
i ngy eases i meatsyiths mobmbindersthoddhatsatherauodificationt théreof willfecomedapparast at e

e o R e AR A ot Feadi I Sln it RBIoRABR s 1o
understood that the invention disclosed herein is intended to cover such modifica-

tions as fall within the scope of the appended claims.

20
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el ectropl ating baths of the present invention, for exanple, Exanple 1 and
Exanple 5 4, do not show a variation in the crack count after annealing,
t he average crack w dths are not increased, and cracks extending from
surface to substrate are rare. 1t also has been discovered that the
presence of the sulfur-containing conpounds in the plating baths of the
present invention as descri bed above provides the bath with inproved
stability. The plating baths of the iCug&M$on, after 10 electrolysis, do
not exhibit anyvariation in col oror pressuyre (signs of. deconposition) on
storing. In contlrast f\qu@uaﬁch*gc E@?Hh%ﬁplg‘ﬁﬂfﬁﬁ‘?tg_tqwr%m es 1 and 2
whi ch have been Sublﬁgt ed fe%s%r?&&érﬁbd@dcﬁfréﬁ%hiéhG}Bhfc!aﬁétj%teleét'r&ﬂida of
the ferrous ion to efric 1on on standing. Wile the invention has been
expl ai ned ideposited.i on to its various enbodi- 15 nents, it is to be

under st ood t hat ot her, di ; ﬁiﬂ. e f will becone apparent to those
sk%l led in the art ué%gorg& méis?ﬁ@eyﬁ‘é%ﬁ?i cation. Therefore, it is to be
under st ood that the i(@yenti sulfuticontainieg dosnphundi selectedniiom swiaatateduch

difica- ti fall within t J f ' : =15
G ve 1. pebelndiens e onalsH g R R DR R Eefie SLMiye aPr .0,
one conpoungt dikAimetil shitd fhemesfan be el ectrol ytically deposited, 5 (B)
h hosphite ion, and (C | fur-cont aini d selected  f
Ul oal Kyl at od ol y aitey Pheol S, WEESToA dan SHPRAING By soeaie b oapt o
al jophat i c sl’é%ﬁgicﬁllcfi‘ﬁbgferr&{s sl e, iferf@isPfiusiabbratd, T6fr6@d methankhsutforiate, of

claim1l wherein the iron conpound is selected from 10 ferrous chloride,
ferrous sulfeaous sufameigsand mrtetestheeol.f er rous met hane sul fonate, ferrous
319' Lagg;ﬁoggg. tmes{.t g;\eﬁmsé BSIESF claim T Hhdrahhinef sdurdé BrlhyMaphssphiteh@nsigur ce
y i i | _ _
‘ hypophosphorus acid, an alkali metal hypophosphite salt, or a mixture thereof,

4. The bath of claim 1 wherein the sulfur-containing compound is a
15 mercapto aliphatic sulfonic acid, an alkali metal salt thereof, or a mixture thereof.
5. The bath of claim 1 wherein the sulfur containing compound is

represented by the formula

Y-S-R'-80,X I
wherein X is H or an alkali metal, R? is an alkylene group containing from 1 to about
20 5 carbon atoms Y is H, S-R'=S0,X, C(S)NR,", C(S)OR” C(NH,)NR,", or a

heterocyclic group, and each R” is independently H, or an alkyl group containing

from 1 to about 5 carbon atoms.

B. The electroplating bath of claim 1 also comprising aluminum ions.
7. The bath of claim 1 wherein the pH is from about 0.5 to about 5.

25 8. The bath of claim 1 wherein the bath is free of complexing agents.
9. The bath of claim 1 wherein the source of ferrous ion comprises

ferrous sulfate and ferrous chloride.
10. Ah aqueous acidic iron phosphorus electroplating bath comprising
(A) from about 20 to about 120 grams per liter of ferrous ion,
30 (B) from about 0.2 to about 8 grams per liter of phosphorus, said
phosphorus being supplied as hypophosphite ion, and
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hypophosphorus acid, an al kali metal hypophosphite salt, or a mxture
thereof. 4. The bath of claim | wherein the sulfur-containing conpound is a
15 nmercapto ali phatlc sulfonic acid, an alkali netal salt thereof, or a
mxture thereof. 5° The bath of claim1 wherein the sul fur containi ng
conpound is represented by the formula Y-SR -SBX | wherein Xis Hor an
al kali nmetal, R is an al kylene group containing from1 to about 20 5

carbon atoms Y is H (8 R #op8dbol#0R004¥% abdut ﬁ)ﬁan@(dﬂﬂmd\dﬁsulfm’rpré\sent

het erocyclic group, and each R' is independent] or, an r

cont ai ni ng aﬁfﬁi§Hﬁlﬁ-mtﬁbﬁgﬂog‘wﬂﬁéﬁ]9§iwm GU"‘%/“-H '@egﬁoﬂﬁ&ﬂgﬂﬁ&'% h of

I 1 al th

claiml al squeAahid SIfifldHTheRBBIo aibhalidSulkiHidlaghis of alkali Inetbiaicpsn the

pHis froma ath of claim1 wherein the
bath is frefpesofconpl exi ng agents. 9. The bath of claim| wherein the

source of ferro | ORrCO | Lde. 10.

An 5aqueous aci diu@'i rorhep%g t{)ipgétmscfFefté%f?lg%ﬁ"l{)%}h%rﬁggﬂé FéerQ}réﬁgﬁnIQ é%(%ﬁ from

?bou}) 2? EOagmuneaéﬂﬁlng[eﬂs s!c@lﬁcrt]éd tfeom d’brrbes rcgllmda)nferf(eﬂs(ﬁ)lfarte ofarr@luelut 8 2
o abou ra iter o oSy saj ho in ie

as hypophos&'ﬁrggo ferops mféh {B Eﬁf&‘?ﬂs %’ rﬁﬁ’i‘tﬁ?&ssg‘%? s per

liter of sulfur pyeserfe @éct?o;ﬂatlirfgﬁatﬁefﬁlﬂm1Mhemmwﬁhmt.ﬁbrésmh

sul f oal kyl at ed pol yet hyl ene inines, sul onat ed nin dye rcapto
al i phati c sa$ hgpericapherssacidanalkalmekl mﬁ@spﬁﬁ%ﬁ%‘&fm @&Mes%‘? 0.

el getropl ating bag h d&'e‘?’édi‘?oi:patl etﬁéihrbftdfléin'f g0 WHErdirP thé Sulliessithinings at
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present as hypo an al k hypophosphi te sal t,
m xtures t hgyepfesented by the formula

Y-8-R'-80,X !
15 wherein X is H or an atkali metal, R' is an alkylene group containing from 1 to about
5 carbon atoms Y is H, S-R'-S0,X, C(S)NR,”, C(S)OR” C(NH,NR,", or a
heterocyclic group, and each R is independently H, or an atkyl group containing
from 1 to about 5 carbon atoms.
15. The electroplating bath of claim 10 wherein the bath also comprises

20 from about 0.1 to about 10 grams per liter of aluminum ions.
18.  The plating bath of claim 10 wherein the bath has a pH of from about
0.8 to about 2.5.
17.  The plating bath of claim 10 wherein the bath is free of complexing
agents.
25 18. A process for electrodepositing an iron-phosphorus alloy on a

conductive substrate which comprises
(A)  providing an acidic aqueous electroplating bath of ciaim 1,and
(B) effecting the electrodeposition of the alloy on the substrate

through the use of said bath.
30 19. The process of claim 18 wherein the substrate is a cylinder of an

internal combustion engine.

17-




10 13. The electroplating bath of claim 10 wherein the sul fur-containing
conpound is a nercapto aliphatic sulfonic acid conpound or salt thereof.
14. The plating bath of claim 10 wherein the sul fur containing conpound is
represented by the formula Y-S-R -S@BX 1 15 wherein Xis H or an al kal i
netal, R is an alkylene group containing from1 to about 5 carbon atons Y
is H SR-SBX, C(S)NR2", C(S)OR" C(NH2)NR2", or a heterocyclic-group,
and each R' is independently H or an alkyl group containing from1l to
about 5 carbon atoms. 15. The el ectroplating bath of claim 10 wherein the
bath al so conprd(ses Aaﬂoéesyﬁmbewctrﬁdépﬁsm@mt irbA-phospBonuer alloyt @h af

bat h of claim 10 wherein the bath has a pH

al um num i ons
of from abcg)unpucé %S‘E%&E?g%ﬂ’ g‘@’"&‘ﬁ SThe pl ati ng bath of claim 10 wherein

the bath is free of (APW'pﬁWldiﬁgaﬁﬂ@nﬁtc%qu%EuéSlecﬁ‘oplé Bathiodélaim 10, and _
el ectrodepositing an_iron. e GBF orus al o Qn a ctlve substrate which

conprises (A) provi dBhg he ﬁGGHB %Pﬁ)é\%ﬂ goBdbe sypsteatgi m 1,

ad (B) eahidigh e iSeorsfgbefdeposition of the alloy on the substrate
t hrough the use of said bath. 30 19. The process of claim 18 wherein the

substrate is a cylinder of an internal conmbustion engine. -17 20. A
process for el ectrodepositing an iron-phosphorus alloy on a conductive
substrate which conprises (A) providing an aci di c aqueous el ectropl ating
bath of claim 10, and (B) effecting the el ectrodeposition of the alloy on
the substrate s through the use of said bath. -18
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