WATCH HAI RSPRI NG AND METHOD FOR MAKI NG SAME The present invention rel ates
to the regulating nmenber 5 in tinmepieces called a hairspring/bal ance wheel .
It .relates nore particularly, on the one hand, to a hairspring intended to
equi p the bal ance wheel of a nechanical tinepiece and, on the other hand,
o a nmethod of manufacturing this hairspring. 10 The regul ati ng nmenber for

mechani cal watches is conposgg iy qﬁf@ggﬁﬂc 268 | ed a bal ance wheel, and a

spiral spring, caIIedahair;&rln , X at one end to the staff of the
bal ance wheel and at the oth @#tF(S’RlW%eﬁ%e bridge, called the
cock, about which the balance wheel staff pivots. The hairspring/bal ance

wheel oscill ates about its equilibrium position (or dead,sgot). Wien t he
bal ance 20 R%r?ee‘?r?%%reslflﬁ?g PO CEIRLSSt & ne® hEeHUL REHRENGE™PRES creat es
a restorbng itror gimephiectes whanltbe Hallaicespireeibd saried eadrsbl makes it
return to its equilibrium positian, - As it _has.acquired.a certain speed, and
therefore kirﬁae]ta} cesengf{;ogr, ip?ir c}ecsuqt?éi/lé/rid RS @a?d é’&?t f@ngiﬁti I%Ot h& opposite
torque of thairEprsing ngnseodsdi tto ardudlpl | ges iHaltamaent wheelln ¢fheaot her

direction. E’fg&f?fﬁjt%q hai. [0 r | at t pet. ofpgs¢il lggign of the
bal ance wheel . re gﬂrlec 6 Y, ts%g’_baﬁgn‘cgﬁ(\a/\h‘e% Ig)(_S(‘aj]f:luil]lopl ng the E’}lrmvems\nts
of nmechani calethnd ids manufiRchraqhtthisrehdirsfing asti ¢ metal bl ade of

rect angypar cross section wound around itself as an Archi medean spiral and
conprising 12 to 15 "turns. It will be_recalled that the 35 hairspring is
mai nly char é@ieerifﬁﬁu FEIEE r OB Ig LPBr g el s SERTERSS f *Pst

appr oxi mat.i @onpodd® of a flywheel, called a balance wheel, and a

spiral spring, called a hairspring, fixed at one end to
the staff of the balance wheel and at the other end to

15 the balance bridge, called the cock, about which the
balance wheel staff pivots.

The hairspring/balance wheel oscillates about 1its
equilibrium position (or dead spot). When the balance

20 wheel 1leaves this position, it arms the hairspring.
This creates a restoring torque which, when the balance
wheel is released, makes it return to its equilibrium
position. As it has acquired a certain speed, and
therefore kinetic energy, it goes beyond its dead spot

25 until the opposite torque of the hairspring stops it
and obliges it to rotate in the other direction. Thus,
the hairspring regulates the period of oscillation of
the balance wheel.

30 More ©precisely, the balance wheel equipping the
movements of mechanical watches at the present time is
an elastic metal blade of rectangular cross section
wound around itself as an Archimedean spiral and
comprising 12 to 15 'turns. It will be recalled that the

35  hairspring is mainly characterized by its restoring
torque M, expressed to a first approximation by the
formula:

M = E/L (Wt/12¢)
where:



formula: M
Nm]; 't:

= E/L (w3t/12cp) where: 2 E Young' s nodulus of the blade (in

t hi ckness of the hairspring; w width of the hairspring;

L:

| éngth of the hairspring; 5 - cp: angle of twist (rotation of the pivot). It
will be readily understood that the spring constant or stiffness of a
C = M9, which characterizés the restoring torque per unit
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15 Dbeing complex both because of the number of components
(iron, carbon, nickel, chromium, tungsten, molybdenum,
beryllium, niobium, etc.) and the metallurgical
processes employed. The desired objective is to obtain
autocompensation 'of the variations in the ‘elastic

20 modulus of the metal by combining two counteracting
effects, namely that of the temperature and that of the
magnetoconstriction (the contraction of magnetic bodies

bdue to the magnetization).

25 Current metal hairsprings are difficult to manufacture.
Firstly, because of the complexity of the processes
employed for producing the alloys, the intrinsic
mechanical properties of the metal are not constant
from one production run to another. Secondly, the

30 adjustment, which is the technique used to make sure
that the watch indicates at all times the most accurate
time, is a tricky and lengthy operation. This operation
requires many manual procedures and a great deal of
defective parts have to - be eliminated. For these

35 reasons, the production process is expensive and to

maintain a constant quality»is a permanent challenge.

Document DE 101 27 733 discloses a silicon hairspring
covered with a layer which may be made of silicon



requi res many manual procedures and a great deal of defective parts have to
be elimnated. For these 35 reasons, the production process is expensive and
to -maintain a constant quality is a permanent challenge. Docunment DE 101
27 733 discloses a silicon hairspring ﬁovered with a |ayer which may be
made of silicon 3 dioxide, silicon oxyritride, silicon nitride, silicon

car bi de or ag r . to_increase its thernal tahilit partlcularly
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More precisely, the invention relates to a hairspring
intended to equip the balance wheel of a mechanical

15 timepiece and in the form of a spiraled rod cut from an
{001} single-crystal silicon plate, the turns of which
have a width w and a thickness t. According to the
invention, the rod forming the hairspring is structured
and dimensioned so as to minimize the temperature

20 sensitivity through the first thermal coefficient (C;)
and the second thermal coefficient (C;) of its spring
constant C.

To minimize the first thermal coefficient, the rod

25 comprises a silicon core and an external layer of
thickness § formed around this core and made of a
material having a first thermal coefficient of Young’s
modulus E opposite that of silicon. Preferably, the
external layer is made of amorphous silicon oxide

30 (Si0;) . Its thickness is about 6% of the width w of the
rod.

In order to minimize the second thermal coefficient
(Cy), the width w of the rod is modulated,

35 periodically, as a function of the angle 6 that defines
the orientation of each of 1its points in polar
coordinates. The modulation may also, advantageously,
be carried out in such a way that the local flexural
stiffness of the rod is constant.



30 (Si@2). Its thickness is about 6% of the width wof the rod. in order to
mnimze the second thernmal coefficient (C2), the wwdth wof the rod is
modul at ed, 35 periodically, as a function of the angle 0 that defines the
orientation of each of its points in p_olfr_ coordi nates. The nodul ati on may
al so, advantageously, be carried out in such a way that the |local flexural
stiffness of the rod is constant. 4 To optim ze the thermal behavior of the
hairspring, the thickness t of the rod, its width w, nodulated in the
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particular the first two thermal coefficients of the spring constant of
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foll owi ng descripti ofatBiewaniwalihyr @O85¥edHing the stiffness of the
hairspring as a function of its thickness t, its width
w modulated in the plane of the hairspring, the
15 thickness § of the silicon oxide 1layer, the elastic
anisotropy of the silicon and the temperature;
- calculating the thermal behavior, in particular
the first two thermal coefficients of the spring
constant of the hairspring (C; and Cj) for all
20 combinations of possible values of the parameters t, w
and £ within a given temperature range; and
- adopting the t, w, § combinations for which the
thermal drifts of these coefficients are minimal.

25 The invention will be more clearly understood upon
reading the following description, given with regard to
the appended drawing in which:

- figure 1 shows a hairspring according to the
invention;

30 - figure 2 shows a segment of this hairspring, in
longitudinal section at a and in cross section at b, so
as to illustrate the references of the parameters used
in the description; and

- figure 3 illustrates the anisotropy of Young's

35 modulus in the {001} plane of the silicon.

The hairspring according to the invention, shown at 10
in figures 1 and 2, is a rod cut into a spiral,
obtained by the machining, for example by plasma



t he appended drawing in which: - figure 1 shows a hairspring according to
the invention; 30 - figure 2 shows a segnent of this hairspring, in

| ongi tudi nal section at a and in cross section at b, so as to illustrate
the references of the paraneters used_ ikn_the description; and - figure 3
IFllustrates the anisotropy of Young's 5 nodulus in the (001) plane of the

silicon. ThenfghisPrgNg ccandi fgotp fsaelgll@v%iys%l sgoy-ah 10 add figures
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coefficilent seffespectively. Only the first two 20 coefficients are taken
into account here, the other ones being negligible. It will therefore be
understood that, in order to

When the temperature sensitivity of an elastic

structure is modeled, it is common practice to use the

thermal coefficients of its spring constant C such that
15 they form a mathematical series of the type:

C = Coll + C1AT + CRAT?...),

in which Cp is the nominal value of the spring constant

C and C; and C; are its first and second thermal

coefficients, respectively. Only the first two
20 coefficients are taken intob account here, the other

ones being negligible.

It will therefore Dbe understood that, in order to
obtain a temperature-insensitive spring constant C, the
25 aim is to minimize the thermal coefficients C; and C,.

It should be recalled that single-crystal silicon
exhibits crystalline anisotropy. In the {001} plane,
the <110> direction 1is stiffer than the <100>

30 direction, which, of course, affects the flexural
stiffness of the hairspring 10.

The Young’s modulus E® of the {001} plane of silicon
may be expressed, like the spring constant, by a
35 mathematical series of the type:
@ = 5, (1 + E,'PAT + E,2AT?),
in which E'® is the nominal value of the Young'’s
modulus E‘®, and E;® and E;'® are its first and second
thermal coefficients, respectively. These three



obtain a tenperature-insensitive spring constant C, the 25 aimis to
mnimze the thermal coefficients C1 and C2 it should be recalled that
single-crystal silicon exhibits crystalline anisotropy. In the {001} plane,
the <110> direction is stiffer than theg <100> 30 direction, which, of
ctourse, affects the flexural stiffness of the hairspring 10. The Young's
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nmodul us E(arryshdlEbgaphpadid Bzxeca) are its first and second thernal
coefficients, respectively. These three 6 coefficients are shown in
particular in figure 3 as a function of the orientation relative to the
crystal I'pgr @pki c faxes. EhEheafli r sbefliéciehtcosf {4 ci efit €i¢a)Yofinghe Young's
nodul us has hahl eqgatq I t .- p and~the nerj nal val ue
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which are around 8 seconds/day.

To compensate for this drift, the hairspring 10
15 according to the invention is formed from a silicon
core 12 and an outer layer 14 made of Si0O;, the first

() of which is highly positive.

thermal coefficient E;
It is about +215 ppm/°C and the nominal value of the
stiffness E,'® is about 72.4 GPa.
20

This symmetrical trilayer structure, obtained by
thermal oxidation using any known process, thus makes
it possible to act on the thermal stability of the
overall stiffness of the hairspring 1in in-plane

25 flexure.

It may be shown that, for a hairspring cut in the {001}

- plane, optimum minimization of the £first thermal

coefficient C; of the spring constant of the hairspring

30 occurs when the thickness of the oxide 1layer 14
represents about 6% of the width of the hairspring.

According to the ' invention, the second thermal
coefficient C; may be minimized by modulating the width

35 w of the spiral, which is the dimension lying in its
winding plane, as a function of the angle 60 that
characterizes the orientation of each of its points in
polar coordinates.



This symmetrical trilayer structure, obtained by thermal oxidation using
any known process, thus makes it possible to act on the thermal stability
of the overall stiffness of the hairspring in in-plane 25 flexure. It may
be shown that, for a hairspring cut in the {001} plane, optinmum
mnimzation of the first thermal coefficient Cl1 of the spring constant of
the hairspri CuLs t he I.C . the _oxide | a3y
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bal anced. In this particular case, letting wO be a reference 10 w dth of
the hairspring in the (001) plane, the width w varies as a function of the
angl e 8 accok®i fdito PREticydari ofase, 51beoring 44900 Re= a0 refergnceg2 2
511.0 sip 2 «28n[éh Phel RaMbphifgl ind¢feando1? AnIE tHY &8 drtdgpendent
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are known t o"@RESS 8Fj |3 efunction of the angle according to the

equation:

S,
21,0 gin%(20) [in m]

3
w = w, |11 -

in which §,, §, and §, are the three independent

15 elastic coefficients of silicon along the
crystallographic axes, which are known to those skilled
in the art, as defined in the ©publication by
C. Bourgeois et al., “Design of resonators for the
Determination of the Temperature Coefficients of

20 Elastic Constants of Monocrystalline Silicon” (Proc.
51st Annual Frequency Control Symposium, 1997,
791-799) .

More specifically, it will be readily understood that
25 several parameters are involved interdependently and

that, for example, the improvement in the thermal

behavior obtained with a certain modulation of the

width w will not be the same for all the oxide

thicknesses and for all the crystalline orientations of
30 the hairspring.

To make it easier to determine the optimum values of
the wvarious parameters, the method according to the
invention consists in examining, for example, the

35 Variability of the thermal coefficients of the spring
constant C of a hairspring as described above as a
function of these parameters.



in the art, as defined in the publication by C. Bourgeois et al., "Design
of resonators for the Determination of the Tenperature Coefficients of 20
El astic Constants of Monocrystalline Silicon" (Proc. 51st Annual Frequency
Control synposium 1997, '791-799). Morg specifically, it will be readily
understood that 25 several paraneters are involved interdependently and
that, for exanple, the inprovenent in the thermal behavior obtained with a
certain nodulation of the width ww |l not be the sane for all the oxide

t hi cknesses S PRFaBPFeTfie IEMPVAd i1 BRPefEAESTARSasAON3(PE he R&Er spri ng.
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const ant 5C oflladtaiatspt iiy fHowescri bed above as a function of these
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Young's nodul us ECa) of silicon, the Young's ) of siTicon oxide
and the georetricé#® dilantities 5 illustrated in figure 2: - t = thickness

of the hairspring (@ Lopmd@tos thn ik rspingM i heré t{b@lljlaplg%!,ng in the
{001} plane, [in m 10 - = thickness of t?he oxide (a constant), [in nl.
According to the gt ) ayer theory, the equivalent Young's nodulus E in

flexurelof a sili<cdn= ahickreised ofiMtHe @xsidd c@n avdgtard@yer[irmmibe nodel ed
in alocal 15 section by the follow ng equation:
According to the multilayer theory, the equivalent
Young’s modulus E in flexure of a silicon rod covered
with a silicon oxide layer may be modeled in a local

15 section by the following equation:

E=(E® —E‘“(l—g—é)a(l—g—g—)+E"”

w {

Since in the case of the hairspring 10 §/w « 1 and
E/t « 1, the equation becomes:

20 E = B — (E(a) _ E(b){_s__&_ " é) )

w t

The spring constant C of the hairspring and its first
two thermal coefficients C; and C; are determined by
integrating, over its entire length, the expression for
25 the local stiffness, which itself is a function of the

expressions for E, t, w and &.

It may be demonstrated therefore that the first thermal
coefficient C; is essentially a function of §, whereas

30 the second thermal coefficient C> depends most
particularly on w.

Next, there then remains only to calculate, by means of
a computer, the values of the thermal coefficients C;
35 and C; for all combinations of possible wvalues of the
parameters t, w and §. The (t, w, &) triplets for which



1 E=(E()-E(n)(1-2~ 13l 1-2, I+E(h~ w\ t Since in the case of the
hairspring 10 ,/w << 1 and E//t << 1, the equation becones: 20 E = E(a) -
(E(a) - EmM~6 + 24 WN64 The spring constant C of the hairspring and its
first two thermal coefficients Cl and §2_are determned by integrating,
over its entire length, the expression for 25 the local stiffness, which
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a conputer, the values of the thermal coefficients CIL 35 and CZ for all
conbi nati ons of possible values of the paraneters t, wand . The (t, w, 4)
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the fornul a gissered@b@mesh igppesdasidied to the desired watch application.
10 Finally, the hairspring may be produced using the information provided

by the calculation. Thus, a silicon hairspring is proposed whose
t enper alldr e Famesl Iy Vi thhe s heeichigerdiri iey mod mMpAoduicedl5 uss nigeadyet 0 be

used and reqi"ﬂfo%épioa}gjﬁjr%vnffetd WP ¥Yealculation.

Thus, a silicon hairspring is proposed whose
temperature sensitivity is reduced to the minimum. It
15 1is ready to be used and requires no adjustment, nor any

special manual operation.

The above description is merely one particular and
nonrestrictive example of a silicon-based hairspring

20 according to the invention. Thus, just the thermal
compensation provided by the oxide layer is already
satisfactory for use in mid-range watches and the
modulation of the width w is optional.



speci al manual operation. The above description is nmerely one particular and
nonrestrictive exanple of a silicon-based hairspring 20 according to the
i-nvention. Thus, just the thermal conpensation provided by the oxide |ayer
is already satisfactory for use in m dgrange watches and the nodul ati on of
the width wis optional. 10 - CLAI M .k hai rspring intended to equip the
bal ance wheel of a nechanical tinmepiece™and in the formof a spiraled 5 rod
(10) cut froman (001} single-crystal silicon plate having a first thermal
coefficient 1(Cd) aa ; fLLGEEN C2 LLs kng
constant C, lt he At tr}?an%s;@?lcgggdlhgle?lg%h f\t%ehé!\#l% gth(evﬁ d%%i)%\llqgénqlwg%thhi ckness
t, charact ePifz&d MarhemdCadaitd neRi e Idekn ath® 5prmcof cospitadpdand an

externals | ayed ((14) @ut tﬁﬁ&ﬂﬁws{ooiprm?ﬁépéﬂﬁstaﬁ sihieegh pPheeand made

of a material .having_a first thermal coeffi,cient of the_ Young's nodul us of
opposite si (E)]f?vtl&gt ht f&frstthethﬁlf‘?ggr?oeﬁlfleﬂ% hatk sPRENF aSCEPRANed i n
claiml, chaeaobdricesffiicidrat $@j)d ekt éepalsprayer ddedtarst nade thef

anor phous sil i can ide (S - 3. _The _hairspring. claimed .in_either of
clainms 1 ar?l’i&%, o )a£r ag’ éﬁ %éliré%trﬁgg t%gvélnﬁen?i og’éﬁsc at "o i”‘fl\% s defined
so as to obtaiickaekisr $t, tdi@muedteniefdd cirenthatt GGaidf rpds ceppirngesonst ant - C
of predgyer@inedyal U8, L5 Ao The i rgpri jai N of ,glains 1
to 3, d%(?1araé’t_eriozed iﬁ.thgé'ﬁhe J?%eﬁ%?on%%tég?go E?&?Fg gggeneg%so as to

i ni ni ze t héhiickaessndr ATRshf TRkt thecs) lécon sofis i ard chadeant C.

a material having a first thermal coefficient of the

Young’s modulus of opposite sign to that of the

silicon.

15
2. The hairspring as claimed in claim 1,
characterized in that said external layer (14) is made
of amorphous silicon oxide (Si0;).

20 3. The hairspring as claimed in either of claims 1
and 2, characterized in that the dimensional ratio &/w
is defined so as to obtain a first thermal coefficient
(C1) of its spring constant C of predetermined value.

25 4. The hairspring as claimed in one of claims 1 to 3,
characterized in that the dimensional ratio §&/w is
defined so as to minimize the first thermal coefficient
(C1) of its spring constant C.

30 5. The hairspring as claimed in claim 4,

characterized in that the dimensional ratio &/w 1is
about 0.06.

6. The hairspring as claimed in one of claims 1 to 5,
35 characterized in that the width of said rod is
modulated, periodically, as a function of the angle 0
that defines the orientation of each of its points in
polar coordinates in order to minimize the second

thermal coefficient (Cj).



30 5. The hairspring as clainmed in claim4, characterized in that the
dimensional ratio Efwis about 0.06. 6. The hairspring as clainmed in one of
clai'ms 1 to 5, 35 characterized in that the width of said rod is

nodul at ed, periodically, as a functioenlaf the angle 6 that defines the
wrientation of each of its points in polar coordinates in order to mnimze
the second thermal coefficient (C2). - 11 7. The hairspring as clainmed in
one of claiffe 1 {Thes haigimmricicerdy eelaimediain t eewplt flaimsaldteod.is

modul at ed s@nphaleddrS Akcal A | exys gl %héffﬂﬁ%§ﬂ55&%C0§§$@“trb8 orger to
m nimze the second thermal = coefficient (C2) _8. The hairspri n% as clainmed

in cIarnt?,m%@%ﬁ%%¥%rﬁ£bdtpﬁtthaFSthéo uréﬂeawrhé eftddt8§SS101&ccor di ng
to the for mdoastlant - A0 brpad Wwe WadnidmideO 2hel . 8egbAd( 2@herdali N which
sll, s" and sl re the kfiee i ndependent elastic coefficients of silicon
al ong the axes. 15 9. The hairspring as clained in claim
6, characterized |n that in order to mnimze the first thernmal

coeffi ci ent (Cl) %? tggawéligﬁtdrh herggl p%(i%flfnte(a ent. r(CZ)cII(BE'ﬁ t hi,ckness t

of the rod, |tsvvr [fane andthethrc ness 4 of the
silicon oxr@@rtaa-yt@rrmﬂe Vit ue§hﬁ§r \Mﬁltech natukaeroml dsi f eféectede spring

constanioC @fcddiRitRy PHHY foknf1™:Ni Mum within a given tenperature range.
1 — §12.0 _ }_ _§44.o
E

3
w = wo{ll - >

in which §,, 5, and §, are the three independent
elastic coefficients of silicon along the
crystallographic axes.
15
9. The hairspring as claimed in claim 6,
characterized in that, in order to minimize the first
thermal coefficient (C;) and the second thermal
coefficient (C;), the thickness t of the rod, its width
20 w in the {100} plane and the thickness £ of the silicon
oxide layer have values for which the thermal drift of
the spring constant C of the hairspring is a minimum
within a given temperature range.

25 10. A method for determining the optimum dimensions of
the hairspring as claimed in claim 9, characterized in
that it consists, in succession, in:

- mathematically expressing the stiffness of the
hairspring as a function of its thickness t, its width

30 w modulated in the plane of the hairspring, the
thickness & of the silicon oxide layer, the elastic
anisotropy of the silicon and the temperature;

- calculating the thermal behavior, in particular
the first two coefficients (C;, Cz;) of the spring

35 constant of the hairspring for all combinations of
possible values of the parameters t, w and § within a

given temperature range; and



25 10. A nethod for determ ning the opti num di mensions of the hairspring as
claimed in claim9, characterized in that it consists, in succession, in: -
mat hemati cal |y expressing the stiffness of the hairspring as a function of
its thickness t, its width 30 w nodul gped in the plane of the hairspring,

.t he thickness ~ of the SI|ICO oxi de | t.he el asti ani satro of the
silicon and the tenﬁgPBFng eh c&Pc&Paﬂlﬁfqﬁﬁ¥ﬁqﬁﬂqﬁﬂé§ﬁwéh+%b tﬁ%

particul ar thaeméilrsirifws cadaf f caidntsodfAicZytof (e apdi ) 3&reonst ant
of the halrag%%ﬂg 1for all conbinations of possible values of the paraneters
t, wand 4 Wthin & given tenperature range; and 12 - adopting thet, w, 4
conbi nations for which the thermal drifts of said coefficients (Cl and C2)

are mmymajy 5 dhe MEHZH hod %ia&h@ﬁ”%gl'elshﬁ'ﬁkﬂo cHQ@éé@éfiié@d in
that it consists, finally, in calculating the w.dt the spiral at any

poi nt fron1%ﬂethéﬁmﬂ91qus%ﬁﬁ%'-f&nﬁhhyo W= Qﬁ§QP1aQ$nQ)?ﬁ?cﬁ%@%@(ZO) in

which "El | ,ws4tr end spiraleathanihpeentndepandrst fotRuekastic coefficients

of silicon along the crystallrographtc—axes
v S 1 S0

1 —

s11.02 28, sin?(20)

in which §,, §, and §, are the three independent

3
w = w,|[1 -

10 elastic coefficients of silicon along the

crystallographic axes.



