SELF- COVPENSATI NG BALANCE SPRI NG FOR A MECHANI CAL OSClI LLATOR OF A AR
BALANCE- SPRI NG BALANCE ASSEMBLY OF A WATCH MOVEMENT, AND PROCESS FOR
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adjustable by precipitation of Zr-rich phases in the Nb-Zr

solid-solution, as well as a process for manufacturing a
10 self-compensating spring for a mechanical oscillator

assembly of a horological instrument.

It is known that the precision of mechanical watches
is dependent on the stability of the inherent frequency of
the balance-spring assembly's oscillator. When the

15 temperature varies, the thermal dilatation of the balance-
spring and of the balance itself, as well as variation of
the spring's Young's modulus, alter the inherent frequency
of this oscillator assembly and perturb the watches

precision.

20 All methods proposed to compensate these frequency
variations are based on the consideration that this
inherent frequency depends exclusively on the relationship
between the constant of the biasing torque exerted by the
spring on the balance and the latter's moment of inertia,

25 as indicated in the following relationship :

p=l | C_ (1)
2T V T

F = the oscillator's inherent frequency;



bal ance. 5 Since the discovery of Fe-Ni based alloys having a
positive ténperature coefficient (hereinafter TCY) of its Young's nodul us,
t enperature conpensation of the nechanical oscillator has been obtai ned by
adjusting the spring's TCY as a function of the coefficients of thermal 10
expansion of the spring and of the bal ance. By expressing the torque and
the inertia in ternms of the characteristics of the spring and the bal ance,
and then deriyjig egual LeRskihe! skatchgeﬁsgahé ?Wﬁ&awf@uewéxébtadnbyhe
vari ation of the 1 nherent Fre uencg erature : [err] 15
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(1) relative to the temperature, we obtain the variation

of the inherent frequency with temperature :

1d7 1 ,1dE (2)
T e (G P
15 where :
E : Young's modulus of the oscillator spring;
_1.95 = TCY = temperature coefficient of the

E dT  ggcillator spring's Young's modulus;
Og : coefficient of thermal expansion of the
oscillator's spring; and
Op: coefficient of thermal expansion of the
20 oscillator's balance.
By adjusting the self-compensation factor A =
1/2 (Tcy + 3as) to the value of the balance's coefficient of
thermal expansion, it is possible to nullify equation (2).
Hence, the temperature variation of the mechanical
25 oscillator's inherent frequency can be eliminated.
The coefficients of thermal expansion ojp of the

materials most commonly employed for balances, such as
alloys of copper, silver, gold, platinum or steel are
situated in a range of the order of 10 to 20 ppm/°C. In

30 order to compensate for the effects of temperature



factor to the desired value wthin a tol erance of several ppni[err]C
Ferromagnetic iron- nickel- or cobalt-based alloys used at present to
manuf act ure bal ance-spring alloys have 10 an abnormally high positive TCY
wi thin a range of about 30[err] C above-os bel ow anbi ent tenperature, by
virtue of the fact that this range is in the proximty of the alloys' Curie
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of these alloys disappear, leading to an increase of the
modulus. Apart from the fact that this temperature range
is relatively narrow, these alloys are sensitive to the
effects of magnetic fields. These fields irreversibly
modify the balance-spring's elastic properties and as a

20 result alter the mechanical oscillator's inherent
freqgquency. Moreover, the elastic properties of
ferromagnetic alloys vary with the degree of cold-working,
which means that this parameter must be exactly controlled

during manufacture of the balance-spring.

25 The required TCY values for balance-springs made
from this group of alloys are adjusted by a thermal
precipitation treatment which also determines the final
shape of the balance-spring by creep.

CH-551 032 (D1), CH-557 557 (D2) and DE-C3-15 58 816

30 ({D3) have alrfady proposed paramagnetic alloys with a high
magnetic susceptibility and a negative temperature
coefficient of the susceptibility, as an alternative to
ferromagnetic alloys for the manufacture of self-
compensating balance-springs and precision springs. These

35 alloys have an abnormally high positive TCY and provide
the advantage that their elastic properties are

insensitive to magnetic fields. Their magnetic properties



as mentioned in docunent D3, nechanical oscillators made 5 with these

al | oys have a range of tenperature conpensation extending nore than

100[ err] C above and bel ow anbi ent tenperature. The physical reasons which
create the abnormally high positive TCY aof g4these paramagnetic alloys are 10
expl ained in the above-nenti oned docunents. According to these docunents,
these alloys have a high density of electronic states at the Ferni |evel,
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treatnents betaHishd tdx RiRdyes precipitation in order to adjust the TCY

15 Document D3 in particular identifies the alloys Nb-
Zr, Nb-Ti and Nb-Hf as being suitable for the manufacture
of balance-springs of watch movement oscillators. Document
D2 cites as example the alloy Nb-Zr25%. According to these
documents, springs with an abnormally high positive TCY

20 are manufactured from the alloy, annealed at high
temperature then quenched rapidly in a manner to obtain a
supersaturated solid-solution. The alloy in this state is
then cold-formed by greater than 85%. This strong
deformation induces a suitable texture and a positive

25 value of the TCY. To adjust the TCY to the desired value,
the alloy is finally heat treated in a temperature range
allowing precipitation of the supersaturated solid-
solution. The phases which precipitate out from the solid-
solution have lower TCY values, which leads to a reduction

30 of the overall TCY value allowing its adjustment.

DE-1 292 906 (D4) has also proposed binary Nb-Zr
alloys containing between 15 and 35%, more particularly
25% by weight of Zr, for the manufacture of balance-

springs for watch movement oscillators.

35 Balance-springs made with these binary alloys must
be produced taking all necessary precautions to minimise
contamination with oxygen. For this, the heat treatments



are carried out in extrenme vacuumconditions, and the alloys treated in
this manner are noreover wapped in titaniumsheets which serve as an
oxygen trap. 5 It is known that Nb-Zr alloys have a great affinity
for oxygen which enbrittles them Wen patluted with oxygen, these alloys
tend to rupture during the cold- formng operation required for the

manuf acture of bal ance- springs or other precision springs. 10
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tenperatures conprised between 650[err] and 800 with a view to reducing the
TCY val Ukl of al | oy Besawsa hirpa08d Leysobaye 2 corfiients obt hhRemalafter
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2. These heat treatnents strongly reduce the TCY of all oys containjng, nore
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confirmed by YSRFRTECHET(dHe &% h 6-Springs comiionly use

15 watches. However, as shown by the document "Anomalien der
Temperaturabhingigkeit des Elastiziz&tsmoduls von Niocb-
Zirkonium-Legierung und reinem Niob" by H. Albert and I.
Pfeiffer, in Z. Metallkde. 58, 311 (1967) (D5), binary
alloys in solid-solution containing about 10% to 30% of Zr

20 have TCY values at ambient temperature which are above the
wanted values, as can also be seen from our measurements
represented in the diagram of accompanying Figure 1.

To reduce the value of the TCY, a precipitating heat

treatment must be carried out in the biphase zone of the

25 Dbinary Nb-Zr phase. Various heat treatments have been

carried out at temperatures comprised between 650° and

800° with a view to reducing the TCY value of alloys
containing 10% to 30% of Zr.

The values obtained after treatments at 650° to
30 750°C are given in the diagram of Figure 2. These heat
treatments strongly reduce the TCY of alloys containing
more than 23% by weight of Zr. However, it is observed
that for concentrations of Zr below 23%, the TCY cannot be
reduced to the values required for balance-springs, even

35 with very long treatment times.



of this docunent D5 is the inventor of docunent D4), where treatnments for
64h at 600[err]C were carried out for alloys conprising 19%to 33% by

wei ght of Zr. For concentrations 5 greater than or equal to 25% by wei ght
of Zr, the tenperature coefficient at amg ent tenperature drops during the
heat treatnent to very negative val ues, whereas, still according to this
docunent D4, for concentrations from19%to 22% values close to O
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| eading to ruptures during the deformng operations, as is artlcu£ rIy
enphasi Jdd in docuRBRt Measured TCY values for alloys containing fro

19% to 22% by weight of Zr and treated for 64h at 600°C
would be suitable for the manufacture of balance springs.

However, tests we have carried out show that these
treatment conditions unfortunately do not enable forming

20 of the spring into its spiral shape by creep when the
concentration of 2r is less than 20% by weight.
Furthermore, the duration of the heat treatment needed to
obtain a TCY suitable for self-compensating balance-
springs is much too long for industrial production.

25 Hence, the tests we have carried out, and which are
confirmed by document D5, show that binary Nb-Zr alloys
containing less than 23% by weight of Zr (see Fig. 2) are
unsuitable for the manufacture of self-compensating
balance-springs for mechanical oscillators of watch

30 movements, contrary to what is affirmed in D4 without
substantiation by any practical tests (it being noted that
the inventor of D4 is a co-author of D5).

Whereas all of the state of the art relating to the
manufacture of Nb-Zr alloys advocates minimising pollution

35 by oxygen by every means possible in order to avoid
fragilisation leading to ruptures during the deforming
operations, as is particularly emphasised in document D4



-7- which specifically recomends carrying_out the heat treatnent of the
binary .Nb-Zr alloys in such a nanner as to maintain the oxygen
concentration as low as is permtted by the manufacturing processes, we
have chosen 5 to dope the Nb-Zr alloys w.thh oxygen to facilitate
precipitation of Zr rich phases. It is known from"Natur, G osse und
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To achieve this I's inven concerns a selt-conpensating

bal ance- spring of ”@:%rﬁﬁ%.\i%r me%a@bédp%cf&bt%dnﬁ%&aw 285 Gicahrat or

of a watch_novenent or other precision instrument, made of ar anagnetd c
Nb- Zr 15 in the state of the art relatiﬁ% to the manuEgcturg f

self-compensating balance-springs made of Nb-Zr alloys for
mechanical oscillators of horological instruments, the
inventors of the present invention have discovered that
the doping of these alloys containing between 5% and 25%
20 by weight of Zr has proven to be extremely beneficial to
the extent that this enables the precipitation of Zr rich
phases in these alloys by heat treatments carried out at
temperatures and for durations compatible with the

manufacture of such balance-springs.

25 Consequently, an object of the present invention
consists in obviating at least in part the drawbacks of
self-compensating balance-springs £for mechanical
oscillators, mnotably for watch movements. More
particularly, this invention aims to remedy the above-

30 indicated drawbacks associated with self-compensating
balance-springs made of paramagnetic alloys more
specifically Nb-Zr alloys.

To achieve this, this invention firstly concerns a
self-compensating balance-spring of the above-mentioned

35 type for a mechanical oscillator of a watch movement or
other precision instrument, made of a paramagnetic Nb-Zr



-8- alloy containing between 5% and 25% by wei ght of Zr, as defined in
claim4. This invention also concerns a process for nmanufacturing
such a sel f-conpensating bal ance-spring for 5 a nmechanical oscillator of a
wat ch novenent, according to claim7. Furgher features of this invention
are set out in the dependent clains attached to the two above-nenti oned
principal clainms relating to a self-conpensating bal ance- 10 spring and its
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oxygen- cont ai |qg¥qpp|ng agent was 20 not contenpl ated, to manufacture such
balance-spriﬁaﬁ' bi nary Nb-Zr all oy containing bel ow 20% by wei ght of Zr

Furthernore, as wl explLai ped bel Qw, .it has been observed that_in_the
range of these all #ﬁ%r#ﬁ?ﬂﬁrﬁﬁt \Rgeﬁ:}?bg ahdvoRbe 8y R&iSgHiShor OvF, 18

adj ust nent oftheheddidh@énbycheamst acatrdrd it vy tiepeademe-manthened
concentrati on,,of £%¥ ' W th the p LN ate of
the art, in E’ﬁﬁc %%%ﬁﬂﬁﬁ%ﬁ%ﬁtpﬁg ?gggegﬁéaﬁggggﬂ?r g%ﬁ%};ﬁ:ehe
oxygen cbhcemranidomnd Hits srpyéactuntnatprotessf| uctuated as a function of
the operating 30 conditions between the Eroductiqn of two series of

bal ance- springs, sOR& BR&SSHHdaVsmtdony FOTRAGRTERE SLVEREAGRFgdR
content and idiat 0l for nth8efagdsustAme!, Gft ihevides t® epalyoinbbetTE¥iland
hence the sel oy GOMSISAL gy Lactar O nebel 900G SPL9 Lk e pien
sel f - conpens gidety selya &ijaldt rArRg@QY dfenrp@aatamegneaid tlidoy ¥adnience
modul us f@deQ: Sself—compensation factor of a self-compensating
balance~spring of mechanical oscillator of a watch
movement made from such alloy. Up to the present, for the
reasons set out above, it was impossible, due to the fact
that an interstitial oxygen-containing doping agent was
20 not contemplated, to manufacture such balance-springs of
binary Nb-Zr alloy containing below 20% by weight of 2Zr.
Furthermore, as will be explained below, it has been
observed that in the range of these alloys comprising
between 20 and 25% by weight of Zr, adjustment of the TCY
25 Dby heat treatment is very dependent on the concentration
of oxygen. Given that with the proposals made in the state
of the art, in particular that of document D4, there was
no control of the oxygen concentration, this oxygen
concentration fluctuated as a function of the operating
30 conditions between the production of two series of
balance-springs, so it was impossible, without knowledge
of the oxygen content and its role in the adjustment of
the TCY, to control the TCY and hence the self-
compensation factor of the balance-gspring with precision.

35 Moreover, the ferromagnetic alloys in use at present
are only self-compensating in a small range of
temperature, and their Young's modulus undergoes



-9- irreversible variations for exanple when subjected to nmagnetic fields,
wher eby t he i nherent frequency of the nmechanical oscillator associated with
such a bal ance- spring is liable to undergo variation with tinme. 5
The sol ution proposed by the present inwerti-on consequently represents a
deci sive inprovenent conpared to state-of-the-art self-conpensating
bal ance-springs, because such inventive bal ance-springs enable a precise
adj ust ment of irkeiverselldle onpeisatiicors f Sororexdmel &owhgrs 4Gbjeoteldusto of
t he paranmagnef i l.l: 0y r I.Ng, 4 NS Lt t |,c fd e and
to the degreeltn%?n%o l% %/\%%1&?% ”g’n&%,‘beﬁyng?]i@, ?,_E{ ﬁéag:re gl%geﬂf%&%ﬁék tohfe ‘11%
remai ns abnorRerhand@sk i oecadd adgiabl @ssacieltkedconbensatialy af fasckance-
i ncreased Trogpabayt 13018 g 200U JOMEIS AN B WaRkOWka. amdi ent

g

tenperature. In the field of self-conpensatin ance-springs nmade of

paramagnets ¢ al | oy The n@shasieal ©s6pbkabiorsyoftyat phrdvutenentsserdticon

I nvention can thereforg be descrlbgd mﬁéhout.exa %gratlon as_a substanti al
progress, becSOERSTHSRERYSTPRIERRFEN® FBFLFLYS IPRTOVENFRC SHPRNEB| &S

t he manuf act ustadfe saiChtbpriatgs veé¢bfacdmpenid 2l ngonalsade bebspereamdds and
20% in which t ecipi .an.Qfy Zr-ri J es._ | a r ol
and only sli gﬁ%?ggggnrs%%eﬂf‘gé%g&ggyéogdr%—aégn aﬁ%%l%n%%%gg‘ :ét %Iﬁlg%cg%g I t
25 is also tAdinprpensvelf phedesalelifo-ammwens@tian ettt h therYoony bt
conpri sed goet wegn 12 ap¢ 2pHby, vel I Lah, t Sighi 0

adj ust nent of ,tﬁg ;I%%Ygs cgg\{(téro #ﬁggpﬁ\gttal%ou%?l%sﬁagggf%%%ﬁﬁ%%t gémﬂjh%
interstitial ABERPSLR1VRe tg Megnetgc fieldsranchdio ftdhg peFremdehdevekdages

wi |l becone appekenl e tdigd10l) oW 83661 Phi QRid% Wild WSy thémains
acconpanyi ng d{)avvl nghwhl ch,illustrate a series of _expl anat or%/%gra hs

relating to NBPRPPTER{OYsPORLHUVE Fnfsenrabiepndofetfiec BFabhpg cpt LoEt
t enper at ur e olsbinareaded/ rfadh oylsout S0Pi Hosabuticorl0ioc? above or below
15 ambient temperature.

In the field of self-compensating balance-springs
made of paramagnetic alloy for mechanical oscillators of
watch movements, this invention can therefore be described
without exaggeration as a substantial progress, because

20 this invention for the first time ever enables the
manufacture of such springs with a Zr content comprised
between 5% and 20%, in which range the precipitation of
Zr-rich phases 1is easy to control and only slightly
sensitive to an oxygen-containing interstitial agent. It

25 is also the first ever proposal to use such alloys with a
Zr content comprised between 20 and 25% by weight with the
possibility to control adjustment of the TCY by
controlling the amount of an oxygen-containing
interstitial agent in the alloy.

30 Further features and advantages will become apparent
from the following description as well as the accompanying
drawings which illustrate a series of explanatory graphs
relating to Nb-Zr alloys.

Figure 1 is a graph of the TCY at ambient
35 temperature of binary Nb-Zr alloys in solid solution in
the cold-worked state;



t he col d-wor ked state; - 10 - Figure 2 is a graph of the TCY at ambi ent
tenperature of binary Nb-Zr alloys after tenpering; Figure 3 is a graph of
the TCY at anbient tenperature of Nb-Zr-O alloys doped with about 1000 ppm
by 5 wei ght of oxygen; Figure 4 is a graphoi klustrating the domain of Nb-
Zr-0O contents useful for balance-springs; and Figure 5 is a graph
illustrating the TCY at anbient tenperature of the all oy Nb-Zr23% tenpered
3h at 750[err]C, 10Fdgurdurktilom od tdwapkygefi coheenTCYi Gitr e &nbient
illustrates t c al.ko t &l ning % 23%.0f | yout 1000 ppm
by wei ght of g%?g%%?t%fachkhé\%réggg erg%%eagp?%%rpaefrﬁeﬁgqef“ga% " for 3h at
750[err]C. It can beisggh fromidis; gr hat, ¢t h e RN 5
adj ustment of the TCY to the:pvallibuega de%??gg f%rf SEP%- gg‘%engia%i r%ﬁgf&ﬁt
bal ance- spri n§ETPETESUEE FEnPerrE) alisysafregd wohbRarhrug 1090 18pmahy
18% 22% of5 Zr wefgher akl yxggeaki ng, by doping wi th above 600 ppm of oxygen,
it is possible to adjust the TCY between 0 and 20 ppm[err]C for all 20 Nb
al | oys contai ni ng 5%igur23% his vaei ghiphf iZL usthetiagomiendiind evpef | NB-
t enperat ures encC ' n r].and 850[err] G These

kLo QBHEbﬁEg ?EE%@E fgg?%éﬁﬁﬁﬁﬁﬂ%?ﬁﬁﬂﬁﬁ’e

tenperatures and treatmnen I Mes™ st hu e shape of the

bal ance-spring to beigakeb¥ GLEQP grRHHTEANS A LUALNKOPHEE, at NEmBPent
concentration_of Zr required to manufacture these Dbal ance- springs_can thus
be reduced anGSMRETFHUUE DL LM pLlpy Shsar3te dammssred nth Ty WAORCE he
Zr conceritar at aenai fuhessohihan 2080 Oyyy&h Wntdiy eover, the tenperature of
the treatnment used to control the TCY is sufficiently high to 30 set the
shape of the springFbgureedp,ilhistirawss nohe ptageousl wliass btenvaihidy
concentrationggheh 0 l.ght | C quired te ratur of._about
600[err]C, i.e. .be?\gw?‘gf{eg%(e“n%gggt%?ge\@#oﬁoggt Ppﬁlgq?%eﬂgﬁggé oofefst?'n}éygen’

bal ance- spri n§hbghcrlbape undergone a tempering treatment for 3h at

750°C. It can be seen from this graph that the tempering
15 allows adjustment of the TCY to the values desired for
self-compensating balance-springs (0 to 20 ppm/°C), for
alloys containing 10%-13% and 18%-22% of Zr. Generally
speaking, by doping with above 600 ppm of oxygen, it is
possible to adjust the TCY between 0 and 20 ppm/°C for all
20 Nb alloys containing 5% to 23% by weight of Zr. The
recommended tempering temperatures are comprised between
700° and 850°C. These temperatures and treatment times
simultaneously enable the shape of the balance-spring to
be set by creep. By means of oxygen doping, the
25 concentration of Zr required to manufacture these balance-
springs can thus be reduced and, as will be seen, it is
easier to control the TCY when the Zr concentration is
less than 20% by weight. Moreover, the temperature of the
treatment used to control the TCY is sufficiently high to
30 set the shape of the spring by creep, which was not
previously possible with Zr concentrations below 23% by
weight, which required temperatures of about 600°C, i.e.
below the temperature for setting the shape of the
balance-spring by creep.

35 The optimum concentration of oxygen to be introduced
into the alloy depends on the amount of Zr. Three domains



35 The opti mum concentration of oxygen to be introduced into the
al | oy depends on the ampbunt of Zr. Three domai ns of Zr concentration can
be di stinguished, as schematically illustrated in Figure 4 : a) In the
first domain which can be situated betweef]25% and 35% by wei ght of Zr, the
oxygen concentration nust 5 be maintained as |ow as possible, nanely |ess

t han about 500 ppm by wei ght. Hi gher concentrations would | ead to rupture

of the ri bbonodum»naoﬂeaﬂwatlaﬂdcaﬁesépaiguﬂﬁupéhzd r4€ hs hanLs1 FAThy t 00
quickly to ena?ie contr the desired TCY val ue for a self- conpensati ng

|
bal ance- spri ngr+48% €Pated l%)Fﬁﬁﬂﬂ%é% 25% and 2096by wei ght of Zr, the
oxygen concentratio t ained. in pand. |ncre m
about 500-800 ppn1b§)ag$gﬁﬁgfg$r§% a%%%A%|W§ g@o d%ou? %iﬁpiﬁ% %%%%W%ég
wei ght for tha5&l &g @bkt birnweggR0% 6 ZZ . tEeI@mygﬁ@s@ommmmmmatn¢nd@@$hg
agent, 15 gr eﬁépfn%@n't%rin%fd ta[’éenlzcgvr %h%BQQEB nfai?lgl?' 9.‘%s i i dbbge

precipitation is too fast to e nanu atture o npensat i ng
bal ance- spri ng8 wPPWePEoW?F@hWaNH&gﬁhr FanceRs radmens ofogid lead to

concentrati ongy ubéVSfOEﬁér Hﬁbéngaﬁﬂngec@?%%&e é‘xfmdt;?n? E!'Ql@@ti&@ eKygen
concentration. 20, F rﬁﬁfanp e, the graph’ of Flgure 5 i lTustrat e TCY

val ues obt ai né8 i€ YRh veP @ hauhrk by s tar £BRPIR SORERH r? Eheor

di fferent oxygesieedCeovreil@astor ta Gl hacigrRmsatdhgt Balig¥evapkergirom
t oo- hi gh positive values to too- negative values over several tens of ppm

by wei ghtlOof 25 oxybénBethsnseﬁ%téndt@@%ébgswéighésoﬁ Erecitde coxygeth of
the oxygen copgg te[)r?cffé’&&ﬂ OHALRNt £8 rr‘EB QHYG! ETY wal %]Srrocf t nd
a rom , ichis

sel f-conpensating ance- springs nanufac ure ese a
difficult to iepreasding ﬁmm@b@uwaoo -800 mmlbytwi@lgbhraf@rcd:ﬁm%%%l

bet vieen 5% and120% biowelithi Ofs -2 @0 | B! kﬁgow@qremy ¥8intngl Lpygen

nmust be introduced,to enable preC|p|tat|on of ri ch phases and hence
control | abl e SOPERLRRAT 4P%*t RE Fry Balow. thepet Aawnts %%n@%ﬂ%?%t?%ﬁ%t'a

very snalls sepgktipittatdfor hef T€lfe zr-rich phases is too slow. Above,

this precipitation is too fast to enable the manufacture

of self-compensating balance-springs with a controllable

TCY. In this domain of Zr concentration, we have observed

a great dependence of the TCY on the oxygen concentration.

20 For example, the graph of Figure 5 illustrates the TCY

values obtained with Nb-Zr23% by weight alloys after 3h at

750°C, for different oxygen concentrations. It can be seen

that the TCY varies from too-high positive values to too-

negative values over several tens of ppm by weight of

25 oxygen. This sensitivity necessitates a precise control of

the oxygen concentration to guarantee reproducible TCY

values of the self-compensating balance-springs

manufactured from these alloys, which is difficult to
reproducibly achieve.

30 c) In the domain comprised between 5% and 20% by
weight of Zr, at least 600 ppm by weight of oxygen must be
introduced to enable precipitation of Zr rich phases and
hence controllable adjustment of the TCY value. For these
Zr concentrations, a very small sensitivity of the TCY

35 wvalue is observed relative to the concentration of oxygen
in the alloy. No greater concentration of oxygen was

observed in the alloys made during our tests. Such limit



35 value is observed relative to the concentration of oxygen in the all oy.
No greater concentration of oxygen was observed in the alloys nade during
our tests. Such limt - 12 - must surely exist, if for no other reasons
because of the fragility of the alloys when the oxygen concentration

I ncreases too nmuch, but it did not affect our experinments. Taking these
observations into account, we estinmated that 5 providing care is taken to

at | east reac:huébesab@yy- eff&@l:i 0ngd fogWeo bithelr rielasWRs WHIRARSS Y ttloe
define an upp ul d fave n rac i cal conseguence for

desi r ed resulfragég]&%é'e ? estt +0¥Sn IbbF Fn&FYIEH 8F'F§Ettlli?tl°n
repr oduci bl e mmeasestboutmxk@nw Ibgt t hit sdippest lé)ffécttmdiur aatbdrimergts Nt o

account the f at.iLn_an even this t he do i n_of
wherein the ox%%%%gcgﬁ cBfit ?éf Fon %OPgaé‘P%‘ ratccc?élln Ty eﬁrﬁ?“ab%\e% ctg}lé%tate
that it i$ pasepisidinion mreca%stakenactm egt tleasti nrekchhethaveddwe by

dopi ng the N iy S 59 v t 600
ang 1%00 ppn?%%ﬁagkhﬁﬁ<a ié? 1@& ?ﬁébg%égég% éﬁy ¥$o§e? gﬁgﬁglhan

it is difficubPPres homitt wb1§ |wuéddham¢ fife DaEIFEL afdn Fonsequengs yfor

difficult to fl@@r&égff@aYréé’L@iEC"béé‘&uJQYtl@fé?%&PI Z4h ﬁ@eobwi@&efhrate
of precipitation. t he contrar .. I't 'has been, found t hat I.s, much easi er

to work Nb- ZraaP?5§§cE%¥?pF?E¥ﬂ6u?é§%etlﬁ%ﬁm%wl‘ﬂ?%%r]glﬂ“plr%s@lﬁﬁp%'% by
wei ght oftoZr . 1ihibasah@enarbsgr iadot Ratouhe e FaatCaHaa 2m LA8f asv@it on

However .t ho TBtRanPolon bBE G ot REPTEFi ShotvpaPaREar G en
deteriorate. domsentreahdnncdls preaeas tdest L@l beTyppealdd, bwea@mnu;uatéhe
al l oy at Ieas{ pe; Qag_ge%oré%l%lerrent sglectg%z ;ﬁa gg/hl%tel;}% f %v!nggof

el ements in propor I"oNS S6Y be gg
Si, Ge, Sc, Ythgalnﬂenti-ifon \by Tdoptng Nthe \ilbhMar Rd1dse, lIRuth d@ona:Rh

Ir, N, 15 (5%-20% of Zr) with between 600 and 1500 ppm by weight of
oxygen.

Above 25% by weight of Zr on the one hand it is
difficult to work the alloy and, on the other hand, it is
very difficult to reproducibly control the TCY because of

20 the increased rate of precipitation. To the contrary, it
has been found that it is much easier to work Nb-Zr alloys
comprising less than 25%, preferably less than 20% by
weight of Zr.

It has been observed that the resistance to
25 deformation decreases and the ductility increases as the
Zr concentration decreases. However, the mechanical
properties of the finished balance-spring deteriorate.
These mechanical properties can be improved by adding to
the alloy at least one hardening element, selected from
30 the following elements in proportions comprises between
0.01% and 5% by weight : Be, Al, Si, Ge, Sc, Y, La, Ti,
Hf, Vv, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni,

Pd, Pt, Cu, Ag, Au.

Doping elements other than oxygen, such as nitrogen,

35 carbon, boron or phosphorous can be added either at the
same time as or after the oxygen doping treatment used to
permit adjustment of the TCY by the precipitation of 2Zr



Pd, Pt, Cu, Ag, Au. Doping elenents other than oxygen, such as nitrogen, 35
car bon,. boron or phosphorous can be added either at the sane tine as or
after the oxygen doping treatnment used to permt adjustnment of the TCY by
the precipitation of Zr - 13 - rich phagses. As will -be seen later, a
quantity of nitrogen is nearly always found in the alloy in addition to
oxygen. Wen the shaping of the bal ance-spring has been conpleted, an

addi tional dopiimdn gyhevsats.omst orildr then sded Elaltétranaeqaahh;ﬁlgycalﬁ hé teagened

i th | b | .
Thi s addi t1 ond C?‘@sgilgfegﬁwmﬁﬁ BBRhdonR B AL e S it PR
bri 1l enees, Bl LMo LESS SUILLGS! (O7RL B 30RIL0 51 COMBLE! Hlen

Consequently, it can vant a SSto 10 T ncrease

bal ance- spri n@@ﬂ?&ﬁ%ssaanédﬁémadaldquMr ebesatépan tchduapdenetispi ng
wi th oxyges t%a@téjnlé%t-stﬁ%anC\éa@J RADA TR bR %&thoasgégcwh%lh%?eatng

of the bal ance-sprin O course, this treatnent e carried at a

tenperat ure t HEPSFoRnSE he mbpyermentdongd) gdementst eFhdrapdrétipnel o

t enperature nQ&e@ﬂMﬁﬁhHW1@5mﬁ¥r&@hrEéAMﬂdﬁééhéethéSbﬁléﬁ@@@%ﬁﬁlﬁghét|ng
to the manufa tur| g%ﬁfroc t.he .sel.f-co ensattlj geba anceﬁﬁgrl n
e

of .
accor di ng 20 &8en ultn\}: &5 WeSE AewBEa FPheds E’tlnawésvm' | |
set out the ge:mrrale‘opér atd:ngsequériunns appl yang oz alald\xﬁnttdngeeusnptes
then a T e I | At t L ff r h er
conditi oﬁfs)d Thglcal\‘l’{)é%eaq?kg%/ |i§{ C{;%]Pé ?‘lg%fgge artéj %1 %%aa]éﬁgﬁggel Sel%:1 ron
beam nel ti ng Mecha®d CRie Hromenibies ,neeejvau ethdregh stizat depling owithanpieenn a
sheath made Ok ANaghL@k OFngoPpey. diLkehyCle @H‘ﬂ:&EEeSt@@' sthSidfual

customary procedure’, for thIS tépe o oy, to oy out of .
contact with BR¥§eRingh aéua@cshénré@gd 98 raurast eahés é@?étaﬁﬁﬁn to

a di aneter Comﬂ@ﬂﬂﬁblﬁﬁﬁfiﬁﬁ out at a temperature that does not reach
15 the TCY adjustment temperature, i.e. a temperature not

exceeding 650°C.
EXAMPLES

A series of examples relating to the manufacturing

process of the self-compensating balance-springs according

20 to the present invention will now be described. First, we

will set out the general operating conditions applying to

all of the examples, then a Table relating to different
alloys made under the stated operating conditions.

The Nb-Zn alloy is cast under extreme vacuum in an

25 electron beam melting furnace The bars obtained are then

sheathed, for example in a sheath made of an alloy of

copper, nickel or stainless steel, using a customary

procedure for this type of Nb-Zr alloy, to keep the alloy

out of contact with oxygen. These bars are then cold

30 laminated or cold drawn to a diameter comprised between

0.05 and 1.5mm, with intermediate annealing operations if
needed.

The wire obtained is next removed from its
protective sheath and then undergoes a doping operation
35 with oxygen using a known technique, either anodic

oxidation, or thermal oxidation. In the case of anodic



0.05 and 1.5mMm with internedi ate annealing operations if needed. The wire
obtained is next renoved fromits protective sheath and then undergoes a
dopi ng operation 35 with oxygen using a known techni que, either anodic

oxi dation, or thermal oxidation. In the cage-of anodic - 14 - oxidation,
t he concentration of oxygen introduced is controlled by selecting the

di ameter of the wire, the tenperature and the el ectrol yte conposition. For

t her mal oxi datdxdrdat hen¢ondeat b&iﬂdﬁhtﬁfa@%&ﬁerbﬁ bR&/@@dﬂCQﬂtE%Md olilsed

by sel ecting f r h the t ture

oxi di si ng gas %nﬁm%ﬁes uréeef%é% o t&% ﬁgg GF&Ei S Pﬁtehép 1F‘?a’at FB&t .
After the oxyd@ﬂ&%ﬁm&ﬁmgeopedatheneléhérmlyée|sompbshﬁxn&med into a
cross-sectional shape corresponding to that 10 of a bal ance-spring. This
wire is then wound £ theymahl oxhdpeionhethige sonqasizat ien defi psvoes
shape by cg eeﬁrﬁ%d&@ﬂu@tcdﬁ&éﬁ%a%&héeiéat'iﬁ&dtﬂé' a;aﬂétérf B@Cfth%” of
the type of all,o accor di to the above-nenti oned ecl fications.

Sever al exanﬁ%ﬁé' St PR B2 ERER neFhgofvRg @ﬁ\Rﬁ%é;E#%QIQW% and lts

di fferent wirprdisameieer aswwbll10440eRcalgrat VoM o thablrdath@dmw. It is
understood that if, according to the previously-nmentioned possibility, a
second dopi ng 20 tréétﬁgnmhe;axygénﬂﬁqpﬁngnnpémaﬁimmshEUesaifecmapenidling
barrel -spring t 0 p ogen | d
be substantlaFF&g§$gg?g%it an t e’%%%% esél{la §r§8g£é%5$n§;£5 ggk%&%@er
this Tabl¥ i n@ifcat &slgaaerisprdag.hahisr erlmf fiiscitben woupdodote anspiral

adj ust nent  of ghagehaltange l'féHﬂ NGr&atdd £ SHSE fhd y1@§t¥‘ﬁ§§eob§ngrgg a
pprferr]C, by controlled eC| itation of Zr rich phases. As preV|ousP

i ndi cated, inth@&BUsy RmgECYr b bt seair e FApiFora S URIDGE 1 PROOT
interstitial dogi ngypgensfi SaDDéy?”até@é‘fdlﬁb‘t té mrd Beovid-Undedighaye a
specifications.
15 Several examples relative to thermal doping of

various alloys and different wire diameters with oxygen
are given in Table I below.

It 1is wunderstood that if, according to the
previously-mentioned possibility, a second doping
20 treatment is carried out on the finished self-compensating
barrel-spring, the quantities of oxygen and if appropriate
nitrogen could be substantially greater than the
quantities reported in Table I. However, this Table
indicates gquantities that are sufficient to produce an
25 adjustment of the balance-spring's TCY, generally between
0 and 20 ppm°C, by controlled precipitation of Zr rich
phases. As previously indicated, in the alloy range from
5% to 20%, the upper amount of the interstitial doping
agent 1is not critical, but it must be situated above a

30 lower limit situated about 600-800 ppm by weight.



30 lower limt situated about 600-800 ppm by weight. - 15 - TABLE | Zr
(% : Tenp. Duration Pressure Oxygen Nitrogen Weight [err] (nmm)
([err]© (mn.) Gas (Pa) (ppm (ppm 23 1 1080 120
N2/ H2 10[ err] 1100 1200 20 0.9_ 151100 60 - 10[ err]
1200 150 20 0.15 450 2 air 10[ err] 900 70 15
0. 25 450 3 air 10[err] - 800 50 10 0. 25 450
3 air 10[ err] 950 50 However, once the TCY has been
adjusted, in order to inprove the nechamimes properties of the finished
bal ance- 5 spring it 1is possible, whatever my be the alloy
conposition, to add at |east one of the above-nentioned interstitial agents
in a second doPrfy) gper ati on.Tebyy.i hguihics | second | Gpessurtel | Oy geErhielfitedgement s
di ffusable in b@l(mntel spsing| alphay) | SUds ag of] n
phosphor ous, .Egﬁﬁgfgg_be_ad@ng(?p 1§rdpn) t As rr§§?§“=|égﬁﬁ9 L ok oned, Dt her
means for inproving |the nechanical | properties of |the g Iance sprln could
be enpl oyed, {sué?® as inéorpor H980g| i it2he| aN2B2 4 g0 ne of
the elenments|listed|in.T 15| anount| v, .yirg %tp 5%
by wei ght. - - TRB? l%?%npntgo G oup -4 4494;1 g% f Nb
according tojth i tleratur e B 1 a, 5 I 1a
ace 3 NergiE e Baso |\, 2 & | 10 99bLI2 70
b Y 15 Il 25 | 450 3 air | 105 | 800 50

10 0.25 450 3 air 105 950 50

However, once the TCY has been adjusted, in order to

10

15

improve the mechanical properties of the finished balance-

spring

it

composition,

is possible,
to add at least one of the above-mentioned

whatever may be

the alloy

interstitial agents in a second doping operation. During

this second operation,
balance-spring

alloy,

such

as

carbon,

phosphorous, may also be added to harden it.

As previously mentioned,

boron

other elements diffusable into the
or

other means for improving

the mechanical properties of the balance-spring could be

emploved,
quantity of one of the elements listed in Table II,

amount varying from 0.01% to 5% by weight.

such as incorporating in the alloy a given
in an
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Certain of the elements listed in Table II are

reported 1in the literature as hardening agents, and

further elements amongst those listed have been selected

as a function of their phase diagram with Nb.



10 where E : Young's_nodulus of the oscillator spring; 1 dE 1 dE = TCY =
tenmperature coefficient of the E dT oscillator spring' s Young's

nodul us; thermal expansion of the oscillator's spring;
and ab: ﬁﬂmﬂﬁ"wﬁ”ﬂmkl rmal expansi or q@ff the 15 oscillator's
bal ance, charact'erzed by the fact that it contains at |east 500 ppm by

wei ght of an interstitial doping agent at |least partly formed of oxygen. 2.
The bal ance-spring according to claim1l, 20 characterised in that it
conpri ses between 5% and 20% by wei ght SLAZMSand at | east 600 ppm by wei ght
of said interstitial doping agent. 3. The bal ance-spring according to
claim1, characterised,in tha,gtPsC 8¢l PI Q | 55
phases in the Q&& sol i g- soIutlinfmﬁgﬁbggfaﬂ%hd)Eé%+ﬂge gﬁ%??@egﬂﬁgtween
20% and 25% bP3WEPGRT SBE 1A0/ batengeoase Bl lyard Pn@é?@?ﬂ@FéF— a6pihyakgEnt
varl es from 60& ta a&%mmyln@whhefr&r ﬂncwmtd@a@naofh&%@glwwht

r to 500 to wei ght fpr a cance tratlon of , 25% by
welght ofg% qvemen rmFa%%IS InRLHt dMRg2tt & %ﬂ%/?ﬁ% %ﬂ?ﬁﬁg

claim char acbetivesch i5® t aad 25% blyolma":lghm of Zroxygehavimpial Young's

interstitial IRUsd S ed bet n_20%a 0% by ight..5.
The bal ance- gggpg%saaccé?%l%%ﬁgg %ﬁe SPM% ﬁ&n ngH$9 é??e? €§8t|n
that, in addl@Foﬁanosgbsdadbpah@yag@l&1fxnthnnﬁxpﬁéssu9n:he precipitation of
Zr 10 rich phases in the Nb-Zr solid-solution, it further conprises an

anount of at |east one hardeni ng dopl n@Eo’% ent sel ected fromthe foll ow ng
el ements : oxygen, nitrogen, carbon;;QPr Oaritk Ghosphor ous.

10 where

E : Young's modulus of the oscillator spring;
14 TCY = temperature coefficient of the
E dTr

oscillator spring's Young's modulus;
Os : coefficient of thermal expansion of the

oscillator's spring; and

Op: coefficient of thermal expansion of the

15 oscillator's balance,

characterized by the fact that it contains at least
500 ppm by weight of an interstitial doping agent at least
partly formed of oxygen.

2. The balance-spring according to claim 1,

20 characterised in that it comprises between 5% and 20% by

weight of zZr and at least 600 ppm by weight of said
interstitial doping agent.

3. The balance-spring according to claim 1,
characterised in that, to control precipitation of Zr rich

25 phases in the Nb-Zr solid-solution when said Nb-Zr alloy
comprises between 20% and 25% by weight of Zr, the amount

of saild interstitial doping agent varies from 600 to
2000 ppm by weight for a concentration of 20% by weight of



| ance-spring according to _any 15 preceding claim
chara H Eﬂ,&” it further conprises between 0.01% and 5% by
wei ght *ofca lrelenent selected from: Be, A, Si, G, Sc, Y, La,

Ti, Hf V, Ta, Cr My, W M, Re, Fe, Ru,185. Rh, Ir, N, Pd, Pt, Cu, Ag,
Au. : Process for manufacturing a self- conpensating
balance spring nade of a Nb-Zr alloy conprising 5%to 25%of Zr for a

mechani cal baZance/B@maeraﬂmﬂpﬂm ASEid Y r b RSt ShOPat I6h T ¥EPESI N
particular a B rolegghg1 ngverrent wherel na?25 bar is forned fromsaid
alloy, this bar IS nSFo hed into a wire havi ng a diameter conprised

between 0.05 and 1.5 mmby cold rolling or cold drawing in the absence of

oxygen, the dianeter #f thismﬂéfebélaﬁd@ugbﬁyn§0|dddﬂfaﬂﬁgorﬂaﬂchny

drawing and s 0 r.i_bbo 3 or,the bal ance-s this
ri bbon i s wou fe'%té‘ ?heceis%lgbe %&? ﬁa%‘b?lfla?e‘gnansﬁbﬁtt & &F RO %‘% 3he
heat treatﬁmnPXMQ@@r nceatirdo| Letepsedsing abopbng certerad | £d atomsmpheed to
reduce the teggg&ggﬂrgogogéé gp@gﬁwf ‘%Q%hYoung s nmodul us (TCY) by the

control |l ed precipitation o ases and to define the shape of
t he bal ance- sprin characterised in that the wire contains an
interstitial agent i an ano@hﬁ;thhenn@ﬂﬁnrtngtramqut®lag|mduﬂlamwof

Zr rich phas th a e and
580 er1] € ToriEoraisd LAt Menadtdiabed BENER D ML AR G

to a
The process S%ﬁgogﬂpﬁﬁg ggendy foﬁﬁ cpntaedddéice e drar ithetatti b-f ¥ | oy

conprisi 1@ betrwean Shased 2046 Qﬂhé(\/eh\ﬂﬁlzﬁf sé1iiE doraedoand {he Ry of
sai d |nterst|t|al in said wire is_adjusted by dopjng wth 10 at Ieast

ent
600 ppmin an W@ﬁégeﬁoﬁ?aﬂ}?w@ta?ﬁro%ﬁh%?%St9°ne harl‘ﬂl%nllﬂﬁ RRRENT RIREI ng
to claim 7,sebacaetefiroad urretftallwﬂbgzélainlaﬁysc@msdy@leag ket tyeeger? 0%

and 25% by wej gpgdgué%%%é% d%nqﬁ a d the anDunt of said interstitial agent

in said wire IS a

6. The balance-spring according to any
15 preceding claim, characterised in that it further
comprises between 0.01% and 5% by weight of at least one
element selected from : Be, Al, Si, Ge, Sc, Y, La, Ti, Hf,
Vv, Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Rh, Ir, Ni, Pd, Pt,

Cu, Ag, Au.

20 7. Process for manufacturing a self-
compensating balance-spring made of a Nb-Zr alloy
comprising 5% to 25% of Zr for a mechanical
balance/balance-spring oscillator of a precision
instrument in particular a horological movement, wherein a

25 bar is formed from said alloy, this bar is transformed
into a wire having a diameter comprised between 0.05 and
1.5 mm by cold rolling or cold drawing in the absence of
oxygen, the diameter of this wire is reduced by cold
rolling or cold drawing and shaped into a ribbon suitable

30 for the balance-spring, this ribbon is wound into the
shape of a spiral and submitted to at least one heat
treatment under a controlled pressure and/or controlled
atmosphere to reduce the temperature coefficient of the
Young's modulus (TCY) by the controlled precipitation of

35 2r rich phases and to define the shape of the balance-



15 600 m by wei ght for a concentration of 20% by weight of Zr to
500 t Aﬂgl j! t for a concentration of 25% by wei ght of Zr. 10.
The pr o any one of claims 7 to 9, characterised in that
said ribbon vvound |nto a 20 spiral shape-il® pl aced under vacuumto carry
out said heat treatnment. 11. The process according to any one of clains
7 to 9, characterised in that after heat treatnent to adjust the TCY and

defi ne the shaier bhgt hecbelrhctf i sedpensattihag: bah&n0ﬁi$@rlagntaﬂnsl%@flng

undergoes a S t toent, at e ure below 650 e n
an at rmspherem?{')nt ai ﬁ?ab&f agéfi‘i’; II‘Flpress‘—’lﬁ‘?cje&Iﬁ?np% (%Lécjc%?lt gﬁﬁl ﬁ& 1&§§
one el enent caFRFELHE |lf0fmsp|:fg Entoride lIEhmerspmahg tHR0 wire thuk?.

The process GREDIrkkbdistReathbdl BethlenCd0act SHESE Oﬁﬁos t1faid %h%ﬁents

are sel ectegd from xXygen, nitrogen, carbon, boron an orous.
g é)&g% the TCY to the desired value.

8. The process according to claim 7,
characterised in that a Nb-Zr alloy comprising between 5%
and 20% by weight of Zr is formed and the amount of said
interstitial agent in said wire is adjusted by doping with

10 at least 600 ppm in an oxygen-containing atmosphere.

9. The process according to claim 7,
characterised in that a Nb-Zr alloy comprising between 20%
and 25% by weight of Zr is formed and the amount of said
interstitial agent in said wire is adjusted by doping from

15 600 to 2000 ppm by weight for a concentration of 20% by
weight of Zr to 500 to 800 ppm by weight for a
concentration of 25% by weight of Zr.

10. The process according to any one of claims

7 to 9, characterised in that said ribbon wound into a

20 spiral shape is placed under vacuum to carry out said heat
treatment.

11. The process according to any one of claims
7 to 9, characterised in that after heat treatment to
adjust the TCY and define the shape of the self-
25 compensating balance-spring, said spring undergoes a
hardening heat treatment at a temperature below 650°C in
an atmosphere containing a partial pressure of a gas
containing at least one element capable of diffusing into

the balance-spring.

30 12. The process according to claim 11,
characterised in that said elements are selected from
oxygen, nitrogen, carbon, boron and phosphorous.



