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A theoretical approach to the stiffening of spruce plates by
varnishing with thin layers of natural resins suggests that the
longitudinal stiffness 1is always reduced. The transverse

stiffrness will be increased.

Adding particulate reinforcing to the varnish layer requires
large amounts to restore the longitudinal stiffness to that of
the unvarnished spruce but adds greater stiffness in the

transverse direction. There is some support in the literature.

INTRODUCTION

A discussion of varnish in the context of the violin invokes
thoughts of adding the final tourch to the beauty of a new
creation aﬁd hopefully that sxtra touch to the brilliancé of the
sound that will issue forth in the hands of a master. Much has
been written about the importance of varnish to the quality of
sound obtained by virtuoso playvers from violins made in the 17th
and early 18th centuries even when large areas had been removed
by wear and tear without affecting the performance of the
maestro. The virtues of the Drigfnal varnish were extolled and
the secrets locked up in the now uﬁknuwn formulae. Even the

likelibhood of instruments being reworked and revarnished have

been ignored toc maintain the myth.

That dinstrument values have risen dramatically reflects the
growing rarity of artifacts that have become works of art and

that some combine the rare quality that they make it easy for the
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player to communicate to the listener, by way of the spunds he
creates, the music he plays . To—day, players are more likely to
take credit for the quality of the spund they make rather than
attribute it entirely +to the instrument once it has been chosen

for what it can give the player by way of assistance.

The varnish serves to protect the viplin from dirt and moisture
as a working instrument and to enhance the beauty of the wood.
Wwood being cellular, when cut presents an OPEN surface which is
easily soiled and affected by moisture unless sealed with an
impervious layer able to withstand the rigours of use. This
varnish layer was kept as thin as possible and was mot expected
to modify the properties of the substrate. The idea of a surface
laver enhancing the stiffness of wood became popular in an
attempt to explain the performance of classical violins which had
what was thought to be exceptionally thin top plates. The varnish
was accredited with fhis role uptil it was realised that the
viplin was not affected when the varnish was worn off large
areas. The mystery still remained because these so called “"bare’
areas remained clean and did not become sgiled as did untreated

wood.

The interest then moved to the sometime particuiate layer beneath
the varnish. It was long established that the wood required to be
sepaled to present a emooth uniform surface on which to apply the
varnish and more importantly to prevent apbsorption of varnish
into the surface laver of cells, especially uneven absorption as

would occcur at any exposed endgrain that is present on & carved
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top. Andrew Dipper [1] surveyed the use of mineral ground

coatings as they have appeared in the historical literature.

The few samples of varnish that have been examined {21 have not
led to any general conclusions. Particulate material has been
found under the varnish layer and identified in some instances as
an active silicate mineral of volcanic origin, from Pozzuonli, a
village near Naples. It is not known how continuous the
particulate layer was. It may have been the residue from a

polishing operation.

Ways of intentinnally stiffening a substrate with a surface layer
rely on either choosing & layer that is stiffer than the
substrate and applying an appropriate thickness or modifying the
stiffrness of the layer with some reinforcement. The reinforcement
may be lamellar, fibrous or particulate. In the case of violins,
& continuous lamellar form would be difficult in the context of a
varnish layer. It would be more suited when designing the initial
plate | as was done with a carbon fibre/epoxy—-cardboard
sandwich [31. Fibrous reinforcment could be in the form of
lengths equal to the dimensions of the plate. Particulate
reinfcrcément could be in the form of short fibres, irregular
particles, spheres or small plates. A number of minerals have
these forms, except that of spheres, with the exception of opals.
Layers underneath the varnish must be transparent which rules out
some possibilities. Most "fillers" in a crystalline state become
tranzparent when added to a carrier liguid. A filler is often the
first step in preparing a wood surface for varnish and alss acts

to isolate the varnish layer. Examples of the minerals in mind
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are glass (window) D = 2500 kg/m*, calcium carbonate (limestone)
D = 2700 kg/mT, calcium sulphate (gypsum) D = 2320 kg/m=, silica
(quartz) D = 2650 kg/m™ and mica D = 3000 kg/m¥. These minerals
in commonly available forms and others such as ground glass have

been used for a Ilong time £47].

It is important when contemplating a particular reinforcing agent
to anticipate what influence it might have on the stiffening
effect intended. Some simple expressions are available that will
allow a guantitative prediction of their usefulmness. Beginning
with a simple varnish layer applied to only one surface. We can
distinguish between an oil varnish i.e. a resin  disseolved in
linseed 0il all of which becomes the hardened layer, and a spirit
varnish which is a resin dissolved in a solvent which evaporates
leaving only the resin as the varnish layer. Schelleng [S] in a
classic paper on the physical effect of varnish dealt with an oil
varnish which he estimated had an elastic madulus of about 2.6 x
10% Pa. More recently Ono [46] measured the elastic modulus of a
copal resin layer deposited from a solutiom in toeluene as 3.6 x
10% Pa and represents a spirit varnish. These values lie between

the longitudinal and radial elastic moduli of spruce.

DETERMINING VARNISH THICKNESS

It might be appropriate here to talk about determining the
thickness of the varnish layer. It is most conveniently found by
obtaining the increase in weight of the plate and using D = M/V.
The area of the plate would have to be known. For a simple

varnish layer the calculation is straight forward. The overall



density of a varnish layer ipcorporating mineral particles is a
little more involved and can be found from:

D= (1 -~ V=)D + Ve=Dyy
where D is the density of the combined layer, D, is the density
of the varnish and can be assumed to be 1030 kg/mT , Dm the
density of the mineral and Ve 1s the volume fraction of mineral

present. Thi=s value is then used in determining the thickness.

THE STIFFNESS OF VARNISHED SPRUCE

The stiffness of a composite beam of spruce with a varnish laver
on one surface can be taken as a starting point for cur initial
purpose. The total stiffrness is the sum of contributions from the
spruce and the varnish. It is assumed that the varnish layer is
thin compared with the thickness of the spruce and that it is
rigidly attached and deforms with the wood underneath. Following
Scanlan [7] 1

(EI)+ = (El)s + (EI).

where E is elastic modulus, I is the area moment of inertia and
the subscripts refer to the materials being considered; T the

total layer, S the spruce substrate, and V the varnish layer.

ONE VARNISH LAYER

1 will consider the case of one varnish layer and the effect of
adding a particulate filler which will act as a reinforcing
agent. The limit when there is no filler will represent a simple
varnish coat while 100% filler will represent a layer of the

reinforcing mineral being used, however 1t might be applied.

The expression for the combined elastic modulus, from the abave
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equation, becomes:

E+r = h™/(h + t)T[Ea + Eo{3t/h)]
where h is the "plate" thickness and t is the thickness of the
varnish laver. IT we take typical values for h (= 3 mm) and t (=
0.03 mm) this becomes: (see appendix)

Er = 0.97059 (Es + 0.009 Eg) = 0.9793 Es
where Es is taken equal to E_ for spruce (= 10 x 107 Pa) and E.

is taken as equal to 0.3Es (= 3 x 10* Pa).

If we now modify the varnish layer by adding a filler, we will
get a different elastic modulus.

Eve = VeEm + (1 —~ Ve)Ey = [3Ve + 0,3(1 ~ Vp)l Eam
which gives a final expression for the spruce with the reinforced
varnish:

Eve = h¥/(h + £)5 [Es + Eve (3t/h)]

= 0.970539 (Es + 0.03 Eum)

for the values given above. E+e is tabulated below for varying
volume fractions of the filler particles and expressed in terms

of EL rather than Es.

Ve Eve/E. Erm/Ec
0.0 0.30 0.9793
0.1 0.57 0.9872
0.2 0.84 0.9951
0.4 1.38 1.0108
0.6 1.92 1.0265
0.8 2.464 1.0422
1.0 3.00 1.057%9

It can be seen that for the typical values given above that a
plain varnish layer reduces the combined elastic modulus and that
30% filler is required to restore it to the unvarnished value for

spruce along the grain.



The effect on the elastic modulus |Cross the grain gives ' the

results below expressed in terms of Em (= 1 x 10+ Faj
Vi Evem/En Exm/Em
0.0 3.0 1.0579
0.1 5.7 1.1346
0.2 8.4 1.2152
G.4 13.8 1.3724
0.6 19.2 1.5297
0.8 24.4 1.468B469
i1.¢ 30.0 1.8441

It can be seen that the varnish layer raiseg the effective
elastic modulus across the grain marginally and that 30% raises
it 20%4. A continuous layver of the "filler” would nearly double

it.

EFFECT OF VARIATION IN VARNISH THICKNESS

The equation for Ex viz. E+ = h=/(h + t)™ [Ey + Ev{3t/h}1, can be
used to explore the effect of variation in varnish thickness, ¢,
Using the numbers for E., Em~, and Ev above we get the wvalues

listed in the following table for variation in t,

t h*/(h + t)= E+(=E_) Ev(=Em)
C.0 1.0000 -1.000 E, 1.000 Em
Q.01 Q.9900 0.993 1.012
0.02 0.9803 0.986 1.03%9
Q.03 Q.9704 0.97%9 1.058
0.04 Q.24610 Q.973 1.076
0,08 0.9423 0.959 1.112
0.08 0.9241 0.244 1.144
0.10 0.9063 0.934 1.178

Increasing the thickness of the varnish layer can be seen to
Progressively decrease the longitudinal stiffness while causing
an  increase in the transverse stiffness in the case here being

dealt with. Similar calculations can be made for the other cases
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particulate content for a given set of numbers.

TWO VARNISH LAYERS: ONE ON EACH SURFACE.
The more usual case to be considered is that of two layers of
varnish one of which carries the filler and represents a ground
coat, To simplify the mathematics, the layers will be taken as
being one o©n each surface of the spruce. The BXPression  now
becomes:

(EI)y = {(El)g + (EI)us + {(El)ux
Then Exr 5 Em Ia/I+ + Eva Iva/Ix + Eum Iun/I-
Using the values given above and assuming the same varnish is
used for both layers and that Euz carries the filler and we take
E+r in terms of E.. The expression for two varnish layers becomes:

Ex = h®/(h + 21)% [h Es + 3t; Euys + 3te Evz]

Il

0.3141 (3 Es + 0.09 £u1 + 0.09 Eux)

0.3141 (3 Ea + 0,027 Es + 0.09 Eux)
E+ for a ground coat and a clear varnish layer for varying volume

fractions of filler as a function of E_ are as follows:

Ve Eve/EL Er/EC

0.0 0.30 0.95%93
0.1 ©.57 0.2669
0.2 0.84 0.9745
0.4 1.38 0.9898
0.6 1.92 1.0031
0.8 2.45 1.0203
i.0 3.00 1.0356

With +two layers in this example 50% filler is required to return
the elastic modulus to the level of the unvarnished spruce. The
effect on the cross grain modulus is shown below where it will be
noted that 50% filler increases the cross grain elastic modulus

by 50%.



Vp EVP/ER ET/ER
0.0 3.0 1.111%9
0.1 5.7 1.1882
0.2 8.4 1.2646
0.4 13.8 1.4172
0.6 19.2 1.569%9
C.8 24.6 1.7225
1.0 30.0 1.8732

TWO VARNISH LAYERS ON ONE SURFACE
When a clear varnish layer is placed over the ground coat, as
would be the case in normal practice, the mathematical appraach
adopted above arrives at an unexpected result. The expression for
the stiffness factor now becomes:

(EI)y = (El}=s + (El)ua + (El}e=z

Ex+ = Ex h¥F/(h+ta+tz)™ + Euy 3T h@/ (h+t,+t)™ +
Evz 3t2(h+t1)2/(h+t1+t2)3

This can be written:
E; = h¥/(h+t,+t2)™ [Es + 3te/h Evs + 3tz/h Euz (1+ 2t,/h+t,.=/h=)]
For t << h, and t, = t= this can be simplified a little:

Er = AT/ (h+28)F [Em + 3t/h (Euva + Euz (14+2t/h} 3]
Substituting the numerical values above for Es = E_ and taking

Evi = Evz = 0.3E_ we get:

Er 0.9423 [Es + 0.03(Evs + 1.02 Euz)]

0.9423 (1.01818 E=)

0.9594 Es (= E_) which compares with the value for
the single varnish laver.

For the case where the first varnish layer contains the filler we
can write for Evi: = Eum = VeEme + {1 - Yu)Eus which for Es = E_
becomes Eue = [3Ve + 0.3(1 — VY=)] Es

and E+ = 0.9423 [1.00918 Ea + 0.009 Eum] with the

results tabulated as before:



Ve Eve/E.. E+/E.

0.0 0.3 0.9535
0.1 0.57 0.9558
0.2 .84 0.2581
0.4 1.38 Q.92627
0.6 1.92 0.9672
G.8 2.46 0.9718
1.0 3.00 C.9764

The effect on the cross grain stiffness in terms of the effective
elastic modulus, taking Eas = Er and using the same numbers:
Er = 0.9423 (1.02754 Eu + 0.009 Eum)

The results of the calculation are:

0.0 3.0 0.9937
0.1 5.7 1.0166
0.2 8.4 1.0395
0.4 13.8 1.0853
0.6 19.2 1.1311
0.8 24.6 1.1769
1.0 30.0 1.2227

I¥ this mathematical approach ig correct, there is a difference
between putting a grpund coat under a second varnish laver and on
the other side of the wood to the varnish layer. It does seem
strange that the ground coat under the varnish should have such a

little effect. Clearly more work is needed in this area.

DAMPING DUE TO VARNISH

The effect of varnish on damping is important and has been dealt
with by both Schelleng and DOno and will not be discussed except
to say that Ono who confined his study to spruce, found that
varnishing had least effect in the L direction causing a slight
decrease in E_ and about a 504 increase in damping. The effect of
varnishing was more dramatic in the R direction; Em was more than

doubled while the damping was also doubled. He concluded that
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varnishing could be beneficial when the value of Ex was low in

the range but detrimental when Ex was high in the range.

Schelleng arrived at more general conclusions related to violins,
The loss in output on varnishing was serious enough for the
amounts to be kept to a minimum by reducing the varnish on the
top te 1/3 that on the back thus achieving egqual losses in  the
top and the back with a total overall lowering of losses in
output. Varnishing could seriously detune the plates and might
require varnishing hefore tuning except for the final cpat. He
thought that using highly resonant wood reduced losses and made
varnishing less critical. The results have been summed up in the

adage "Not too hard, not too soft and not too much".

CONCLUSION

These calculations show that for a spruce plate with the typical
properties chosen, the longitudinal stiffness is reduced by about
27, and the transverse stiffness increased by about 6% when a
layer of natural resin varnish 0.03 mm thick is applied to one
surface. Doubling the thickness of the varnish layer reduces the
longitudinal stiffness by about 4% while increasing the

transverse stiffness by about 11%.

A varnish layer on both surfaces has the same effect as doubling

the thickness on one surface for the same total thickness.

When one varnish laver is loaded with a particulate e.g. ground
glass, to increase the stiffness, about 30%Z is reguired to

restore the longitudinal stiffpess which amount would increase

11



thetransverse stiffrness by about 25%.

In  the case with one varnish layer on each surface, &0% of the
particulate used in this example is reguired +t+g restore the
longitudinal stiffness which amount would increase the transverse

stiffness by about 60%.

For two lavers on one surface, the longitudinal stiffness is not
restored in  this example, remaining down about 2% while the

transverse stiffness is raised about 20%.

These predictions are generally in line with some practical
trials [8] although the limited data supplied prevents a more

detailed comparison.
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APPENDIX

The numerical values for the material parameters are as follows:

For E= = E_ For Em = Ep
E. = 10 x 10% Pa Em = 1 % 10" Pa
Evi = Euz = 0.3 E. Eva = Eva = 3 Em
Em = 3 EL E= = 30 Egm
h = 3.00 mm h = 3.00 mm
t: = tz = 0.03 mm te =tz = 0.03 mm

For the single varnish layer the expressions used for I+,le and
Iv are as follows:

I+ = [b(h + t)y=1/12; Ie = [bh=]1/12; and I. = [bth=]/4
where b is the width and h is the thickness of the beam and t is
the thickness of the varnish layer. It follows that:

Is/I+ = h™/(h + £)% and I /I; = th=/(h + )=
For the case of two varnish layers, one on each surface, we have:
Is = bh™/12; Yua = bt,h=/4; Ioz = bt=h=/4; I+ = b(h +t, + t2)%/12
and  Ia/I+ = h™/(h + ty + t2)T; 1,,/1I+ = Stah=/(h + t, + t.)=;
and Ioz/Ir+ = 3tzh@/(h + t, + )=, Substituting these in

(EI)vy = (EI)as + (El)ua + (El)um

Exr = Es Ia/Iv + Eus Iua/1y + Eouz Ioz/1e
we have Exr = h®/(h + 2¢)%[h Ea + 3t, Ey, + 3t Evmld
where t, = t..

For +two varnish layers on one surface (one of which will be a
ground coat carrying a filler) we have the following:
Er = Es Ia/It * Eva Iva/Il+ + Eom Io=/1+

Dih+ta+t2)®/12; Ia = bh™/12; I, = bt.h=/4 and

it

where I+

Tz bt={h+t,)=/4
and Im/lIe = W=/ {h+ta+t=)™; [ /I = Stoih®/{h+t,.+t-)7 and
Ivz/IT = 3t2(h+t1)2/(h+t1+tz)3 giVing

Evx = h¥/(h+t:+t2)® [Es + Evy 3ta/h + Eum Sta/h(l1+2t, /htt,=/hT) ]
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ADDENDUM

THE EFFECT GF A& SILICA LAYER

It is of some interest to explore in this context the effect of a
silicate laver. It has been suspected for some time that
Potassium Silicate (or the more hygroscopic Sodium Silicate) was
painted ontoc the surface of vioclins. or even a more neutral
Calcium Silicate (the others being highly alkaline with
disastrous results for the wood). The aim no doubt was to stiffen
the violin after it had been made as light as possible. It mavy
have had tunimg significance raising certain characteristic

frequencies e.g. RO,

The elastic modulus of Si0z (Quartz) is typically about 70 x 107

Pa so the equation for one varnish laver, viz.

Eve = hT/(h + t)% [Ee + Eum(3t/h)] was used.
t(mm)} h=/(h + t)#& 3t/h E+({=E._) Ev(=Em)
O 1.0000 O 1.00Q0 1.0000
Q.01 Q.F900 Q.01 1.0593 1.&6830
Q.02 0.9803 Q.02 1.1175 2.3527
Q.03 0.9706 0.03 1.1744 3.0089
0.04 0.9610 0.04 1.2301 3.46518
0.06 0.9423 .06 1.3381 4.,.9000
0.08 0.9241 0.08 1.4416 &H.0991
0.10 0.90863 Q.10 1.3047 7.2504
One can see tﬁat a substantial effect is to be expected. Both

modulili are increased; a 10 um thick laver increases E,.. by about
&% and E= by about 704 on this model.

Elastic modulus was used in this paper as this gave a comparisoan
with published resulis of Experiments.' This simplified treatment
tends to give higher values for the larger thicknesses of varnish
as pointed out by Professor Jim Woodhouse {private communication)

since the shift in neutral axis cannot then be ignored.
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