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IN ORGAN-PIPES

Herman Greunke (Oberlin, Ohio)

In recent years, there has been a growing interest in duplicating the kind of
Principal and Flute tone produced by the almost pure lead pipes which were
made by Arp Schnitger's predecessors, and often preserved by him when he
rebuilt earlier organs. That kind of tone seems to require high lead-content pipes
and to be unobuainable from highertin alloys'. As we consider using lead for such
pipes ourselves, we view such a venture with some apprehension, fearing that
large lead pipes would in a short time collapse because of the softness of the
metal. For Instance, one rarely finds in early American organs pipes of common
metal (20% to 35% tin) made more than four feet long because the builders had
learned that longer pipes, indeed, would collapse at the toe or at the mouth. But
the question remains for us of how it can be that considerably longer pipes made
of even ’SOfICF material could have remained standing for three or four hundred
years without collapsing,

A partof lhf!'pTleﬁ‘m here stems from our intuitive notion of strength. If we
compare otherwise identical pieces of metal, one of lead and another of 17% tin,
by bending them, it is obvious that the lead sample is not nearly as hard as the
other and has less resistance 10 bending. But this is a more or less instanianeous
test, S}{ONWHE us how well the two metals resist very strong forces applied for a
Shﬂr.t time. What we are really interested in, however, is long-term differences,
and it seems that such rapid comparisons do not tell us much about the resistance
1o forces applied over an extended length of time.

_ Slow deformation of structural metals is known by metallurgical engineers
as ‘creep’. Highly refined lead, such as 99.99% corroding lead, is very softand has
poor creep resistance as well. But when traces of other elements such as tin,
copper, anumony, am:_l bismuth are added, the resistance to creep improves
markedly without causing the lead to become noticeably harder. Of course, the
‘pure’ lead used by the early builders would not have been highly refined at all,
in comparison to today’s commercial products. Lead reduced in ‘a blast furnace
from Harz Mountains ores, for instance, might have contained 0.06% copper,
0.1% anumony,_and traces of bismuth and other elements?. There are indications
that 1% to 2% tin may have been added as well to pipe metal lead to improve
castability’. Organbuilders by the time of Schnitger began 10 add yet more tin 10
the lead alloy, making it much easier to cast into sheets, and pméucing a metal
much tougher and less susceptible 10 damage in handling the finished pipes.
However, these higheriin alloys are much more likely to deform by creep.

‘ The b.ar graph shows the effect of adding various amounts of tin to lead (that
is, lead with the above-mentioned trace elements). This graph summarizes the
results of a comparison test carried out in myv workshop at Oberlin College
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Conservatory. That test in turn was an outgrowth of similar tests suggested by
John Brombaugh when I was associated with him as an organ builder some years
previously. The test consisted of mounting a number of horizontal bars in a
frame, each bar of a different alloy ranging from 1%% to 75% tin, and with all bars
made to the same dimensions: 10mm square cross section by 450mm length®.
All the bars were fixed at one end, and at the other, left free 1o sag under theirown
weight. By measuring the amount of movement at the free ends of these bars,
I expected in a comparatively short time to gain information suggesting how pipes
made of these various materials might stand up over a longer period of time.
Some of the measured results are listed in the accompanying table. It is evident
that the slowest moving bar is the one made of almost pure lead, while the bar

Table 1

Comparison of distances moved by cantilever bars of selected tin percentages

lin percentage number of clapsed days mm movement in
lo reach 1350mm mark two years

1% - days 7

8 31 -
17 15 -
25 112 f/ -
33 130 : -
40 365 =
55 = 42
75 = 13
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current rate of movement of the 1%% bar with the observed 7mm per day of the

17% bar as it neared the 150mm mark gives us a creep rate ratio of abour 1600 to 1
between the two.
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Of course, the numbers gained from this single experiment, involving one kind
ol mechanical stress sitwation, should not be taken with any degree of finaliny®.
But what is revealing is that the general shape of the graph shows unmisiakably
that adding up to about 17% tin acwually increases the creep rate, and that stifl
more tin again decreases the creep rate,

As background for an explanation of this creep behavior, it would be good
to outline how lead and tin interact as mixwres of them pass from the liquid to the
soild state®. The horizontal scale of the equilibrium diagram gives the percentage of
tin in the mixture, from pure lead at the teft to 100% tin at the vight. The vertical
scale gives the temperature of the mixure in degrees C. The several lines within
the diagram define the boundaries of the possible state of a given compositionara
given temperature, whether it is all Haguid, all solid, or a sturry of solid particles
surrounded by liquid. )
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the rwo meling points C and D would describe the melting points for all the
various allovs benween pure lead and pure tin. However, this is not the case. The
lowest melting point of any tin-lead alloy occurs at 62.93% tin, where the melting
point is 183° C. This composition, plotted at point E, is calied the Eufectic
composition, due to the particular way it solidifies, and the line H E K represents
the Eutectic temperature’. The wwo line segments along C E D, together are
called the Liguidus tine. All compaositions of lead and tin at temperatures above
the liquidus line are in a completely fluid state. In this state lead and tin will mix
with each other in anv proportion, without any tendency for either metal to
segregate, as oil and water would. Lead and tin are completely miscible in the
molten state, and can be thought of as forming a liquid solution, On the other
hand, all points below the line C H E K represent metals that are completely
solid. The later line is known as the Sefidus. Within the two triangles C H E and
D K E the state of the metal can be described as a slurry of solid parrticles
surrounded by more or less liquid - more nearly liquid just below the liquidus
line, and more nearly solid just above the solidus.

In contrast to the fluid state of the molten metal, where the individual atoms
are oriented randomly to each other, the solid state shows a crystalline structure.
When pure lead solidifies as the temperature falls below the freezing point, the
atoms line themselves up in regularly spaced cubic arrays, with the same
interatomic distance in each of three mutually perpendicular directions. These
arrays are known as crvstal lattices. Within the crysial array of lead atoms it is
possible that here and there a tin atom may taken the place of alead atom. Whena
liquid solution of tin and lead freezes in this manner, with tin atoms substituting
for some lead atoms in the lattice, the resuliis known as a Solid Solution. However,
while lead and tin are mutually soluble in any proportion in the liquid state, they
are only partiallv soluble in the solid state. Only 16% tin can be held in solid
solution in lead at the eutectic temperature, and generally less than thar at lower
iemperacures. Solidified tin wilt hardly hold any dissolved lcad ar all.

The compeosition containing 12% tin as an example is shown on the diagram
by the line 1 £, At point t the mixture is liquid. When the temperature drops
to pointt’ the first tiny crystals begin to solidify, though most of the mass remains
liquid. The composition of these first crvstals is not 12% dn, but more like 3%,
represented by point * where the horizontal temperature line t 1 meets the
solidus line C H. Since the proportion of tin removed by the freezing of the firsy
crvsialsis fess than the 12% of the whole mix, the remaining liquid becomesricher
in tin and the freezing temperature is lowered slightly. Each succeeding crop of
crvstals wilt form with aslighty higher tin content than those preceding, and each
laver of atoms coating previously formed crvsial grains will also be richer in tin.
As the temperature continues to fall, these crvsials grow into large grains until
finaliv all the liquid metal is used up and the irregularly shaped grains meet with
no liquid separating them. Solidification is complete when the temperature falls
to point U on the solidus line. Each grain has a single cubic structure internally.
butthe crvstal orientation of any grain will be completely at random to than of its
neighbors.

Although atoms in a crvsial latice can move abow and exchange places.
they can do so onlv with difficulty. The speed of this process, known as Diffusion,
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is highly temperature dependent. Diffusion, which redistributes the tin atoms in
such a way that the solid solution will be in equilibrium, may require years o
complete at room temperature, but only hours or even minutes at an elevated
wemperature®, The grains of metal in our example t (' were formed with
relatively tin-poor interiors and tin-rich exteriors. This nonhomogeneous state
within each grain is likely to remain so for a very long time, unless the cooling
takes place so slowly that the rate of diffusion can keep pace with the rate of cooling,

Suppose that after the allay has totally solidified, it is maintained at some
high temperature between " and T, allowing diffusion to bring all the grains
to a uniform internal composition. That would bring the alloy to internal
equilibrium as long as the elevated temperature is maintained. Bur a different
situation arises when the temperature falls below the point T, crossing the Solvus
tine P Q H. The significance of this line is that solid solutions formed by rapid
freezing, cooled toapointbelowand to the rightof thelineareina supersamrated
condition. Like a supersaturated solution of salt water, this solid solution is notin
equilibrium. Given a suflicient amount of time, the excess tin will be precipitated
from the solid solution by diffusion, and the gralns themselves mav suffer some
alteration of structure. In contrast to the rapid precipitation of excess salt from a
supersaturated salt water solution, due to its fluid state, precipitation from a solid

solution proceeds very slowly at room temperature. Although a solid solution

may contain up to 16% tin at the eutectic temperature, and in certain cases up to
18% {point Q on the diagram), at room temiperature a solid solution will be
saturated if it contains more than perhaps 8% tin, and cannot hold more tin than
this while maintaining equilibrium.

It seems hardly a coincidence that the greatest creep rate shown by the graph
corresponds to the region of maximum solubility on the equilibrium diagram
around points H and Q, The condidon under which pipe metal is castimto sheets
would certainly be termed as one of rapid freezing. Thus we would expect thata
great deal of the metal in 2 16% sheet would be structured as a supersaturated
solution shortly after being cast. Now if it is true that 8% is the most tin thatcan be
held in solution for the metal to be in equilibrium at room temperature, then
eventually half of the tin in solution, or about 8% of the toral material in the sheet
will have to be expelled from the crystal lattices of solid solution and be dispersed
here and there throughout the sheet as tiny pockets of pure tin.

Let us imagine now a large pipe made of this 16% metal which has not ver
reached equilibrium. The regionsat the sides ofthe mouth experience the h:gheqt
level of stress anvwhere in the pipe, except possibly at the toe, while at the same
time being the w cakest siructurally®. Let us suppose that the weight of the body of
the pipe tends 1o make the meral at the sides of the mouth bend outward ever so
slightly. Atthe same time the hardness or springiness of the metal resists bending
bevond this small amount. (This is an example of the short-term srength referred
to earlier}. Meanwhile, the processes of diffusion and precipitarion are going on
within the metal, and itis most probable that the migration of rin atons proceeds
in the direction of least mechanical resistance, so that as the excess tin atwms
leave the lead erystal lattices, they aggregate atsites in the metal which are tending
to be opened up as a result of the applied stress. In arriving at these new sites, they
relieve same of the internal tensions within the meal, the metal no longer resists
the hcndmg forces so monglv, and therefore those {orces are able to bend the
metal just a litde bit more. So it would seem that there is a continuous cycle of
metal being deformed slightdy by applied stresses, deformation being resisted by
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the metal’s hardness or elastic strength, restructuring of the meral because of
diffusion and precipitation, bending strains being relieved by the restructuring,
further incremental deformation due 10 the applied stresses, and so on.

The foregoing, it seems to me, is a plausible explanation for the high rate of
creep of metals near 16% or 18%. As the tin percentage is increased above 16%,
sore and mare of the meral solidifies as pure tin, and a smaller proportion is
composed of the 16% solution. Thus, less of the otal amount of the meral is in
need of restructuring, and the creep rate decreases accordinglv. If there were nat
such great internai activity 1aking place due to the lack of equilibrivm, the metal
could be (:\pecu.d 1o resist that first slight bending force indefinitelv. Since pipe
metal of 1% tin evidendy is at or much nearer equilibrium, no great internal
restructuring is taking place. 1f a pipe made of such a meral does not collapse
immediatelv from bemg subjected to 100 high a working stress, then itis likelv to
stay standing without deformation for a long time.

Here now arc a few thoughts that mav be of help o others investigating the
use of lead and coimmon mewal allovs for large pipes. The explanation proposed
above concerns high creep rates of allovs composed in part of supersaturated
sotutions. Earlier it was stated that very pure lead also shows a greater creep rate
than lead with some race impurities in it. The presence of smalt amounts of un
and bismuth in solution mav retard creep somewhat by distorting the othenwise
flat planes of lead atoms, so that slippage ol adjacent planes of atoms under lighe
stresses is retarced. Perhaps an even greater hindrance o slip is obtained by the
presence of small amounts of copper and antimony, neither ol which enter into
solution with lead as a solid. (No more than 0.06% copper can be easily alloved
with lead because even slighdy greater amounts require substantally higher
temperatures 1o melt the additional copper into the allov). Evidendy, the smal}
amouwnts of copperand antimony selidify separately [rom the lead as hard crvseals
dispersed throughow the mass in such a wav that they retard creep withow
noticeably affeaing duciility. Lead ]')I"ndll(t’(l Tor use in the chemical indusury
already has 0.05% 10 0.06% copper ralloved in it Tin, antiimony, and bismuh can
casily be altoved with lead in the mg‘mbmldm s pipe shop. Hardening lead by
inereasing the andmony content may wot have the same musical cffect as
hardening through inereased tin content. However, since antimony does not
cuter into solid solution with lead. the problem of unstable, supersaturaed
solutions does notarise, so that antinony mav have a advantage over tinin soime

cases. One such instance might be to render lead languids less :,usccpnblc 10
damage during voicing?, Some caution must be e.\r:rust'd since there is some
evidence thar antimony iy excess of % may cause cracks 1o appeur in the cast
metl sheets, due o is brinleness.

Tt is inportant 1o pay acendon © the metad thickness used for large pipes.
The metal should e moch thicker ac the moutly end of the pipe. where exua
strengih s necded, and thinner tor the rest ol the hud_\‘. in order 1o reduce e
weight bearing on the lower end. The sofiness of fead muakes ivrelnively eisy o
shape the feer ol Large pipes out of plaes 3 or Gmm ahick. whicls s sullicienc for
ppes 12 10 16 Tect long and does nor vequire the use of additional copper
siffening fnser,

Move needs 1o be learned abow how o lessen the visk involved in nsiog
alovs such as 17% tins We already kiow thin pipe mead i carbior rimes was
hainered, although the work-hardening [rons this is not permanent sinee lead
witl inneal a roont wmperature. Gne elfect of hannnering mav he dhn by
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Some form of heat weatment is likelv o be the most effective wav of
stabilizing such melals. There are reports of old pipes being boiled in warter afier
fabricadon, and one wonders whether this mav have been done to render the
metal more siable!?. Based on the discussion of supersaturated solid solutions,

_ thelogical method of stabilizing the metal would seem 1o be to reheat it in anoven
10 some point above the solvus curve P Q. At such a temperature the solution
should easily be brought o equilibrium for that temperature. Presumably, if
the metal can then be cooled slowly enough, internal restructuring can 1ake place
readily because of the elevated temperature, and the wnount of tin in solid
solution will gradually decrease as the temperature decreases, arriving finally at
room temperature with the excess tin no longer in solution. Whether the rate of
cooling necessary 1o bring this about is reasonable from the standpoint of the
overall time required is a matter for additional investigation.

These observations have been offered in order 1o further our understanding
of the creep behavior of cerain lead-tin allovs, and in the hope thar the luture
will sce a greater advantage being taken of the special musical properties ol high

lead ailov pipes, with confidence in their long-term siructural stabiliry.

Notes

i Charles Fisk refers to lead as having
astonishing agility of speech, of having a
safiness abow it and ver grem canving
power, while the sound of tin he charnac

terizes as one of refinement. lending itself

Lo producing rich pewsinig overtones, ‘Some
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3 Based on information in the poses-
sion of John Brombaugh. Difliculties with
casting high-lead sheets are aggravared as
the 1in content falls below abour 13%

4 Lead bavs 153% o 20% louger than
this could not sustain their own weighn
At this 450mm lengih, the stresses are just
below the ultimare srength for lead

3 For example. the 23% bar does not
seem 1o have moved as much as would be
indicated from the wend of the other bars.
Other testing is needed 1o gain any read
aquaniiiative comparisons

6 This deseripion is largely based on
refevina pordons ol the work v G H, Gul-
liver, Welallie Alovs: Their Spraetare aind Con-
ditntion, fourth ol London, 19211 The
equilibrivin diagriom (pl10) appears w be
Based an more detatled dava than adhiers
appearing elwewhere in oregard 1o the
puostiion of the solvues ne
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7 The cutectic structure ar 63% tin
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solution alternating with Lavers of purerin,
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15 due to the fact that the maedal ac 1he
boundaries of the spots is nearthe ewtectic
composition

& Theodare Allen, Jr., and John K.
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19571, pp99-100

9 Wemer Kluge, 'Die sunische Festig-
keit von Orgelpfeilen’, Aca Organolugica,
XIV {19801, pp251-262

10 Tvis worth noting here tha while
Dom Bedos speaks of tin and commoen
mewl [or pipe Lndics and feer. he savs tha
languids should be made of pur pland.
Perbaps he was aware of the fact thin thin
langutds of conuon meal would 1o
vastly deform with the passage o time, and
thus upset the speech of the pipes. £t du
fuctvwr dngues. Paris (1766), p313

1t Philip C. Rasembal, *Factors Allee-
ling Engincering Properties’, Fugineerig
Metifeorgy, N 1570 ppdd-16
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