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copper,  an[imony,  and  bismuth  are  added,  the  resistance  to  creep  improves
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is,  lead  u'ith  the abo`.e-[i`entioned  [i.ace elements).  TI`is graph  s`Immarizes the
results  or a  comparison  test  carried  out  in  my  u'orkshop  at  Oberlin  Collegl`
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4-uiu  w  ,`|ai.,  iaiiil-i   uian  iiic   1.  ud)i  ul  liic:   I/to  udl.  A  lulllpa.I`lson  ol  ll\e

:¥gebnatrraast:t:fe:r::etTee;`:oo]:`tReL#{:,re:`,Etshatchree::=:,::t[7omoFaE::td,aoyooortt:`:
be[``.een  the  t``'o.
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Of course,  the numbei.s gained  from [his  single experimeiir,  ii``'ol`iiig oiie kind
ol` ii`echanical  stress  siiuation,  sho`ild  not  be  `akeii  ``ith  aii}'  degree  of finali[};.
But ``'ha[ is re\.ealiiig is  that the geiieral  shape of the graph  sho``.s unmisiakabl}r
`ha[  addiiig  up  to  about  17%  tin  actuall`'  increases  the  c`.eep  I.ate,  alid  ttia.t  stilt
iiiorE  tin  agaiii  decreases  the  cl`eep  rat(-:

As backgrouiid for an explana`ioii  of this creep bel`a`'ior,  it ``'ould be good
[o outliiic how lead aiid till interact as iT`j`tiires of thcnn pass fi-om lhc liqiiid [o il`c-
st>ild  s[ate6.  The }iorizoii[al  scale of the i`qiwt'/tbrHon rft.nLinovt  gi`.e``  the  percel`iage or
tin  in tlie mi`tiire,  from  p`ire lead at the leri to  100%  tin .it  Ill(' riglit. The \.criicz`l
si`alc.  gi\ es  `lie  lc.mpera[ui`c` of thc`  mi`iili.(I  in  tlc'grc.(.s  C.  Tbc`  `i.`'c.i`al  ]ii`i`s ``.iih in

[hediagraii`defmerhebound<il`iesor`hepo5sil)lc.slat.+of:`gi`.oni.omi)osili(H`aii`

gi`'t-n  I.`i`peralure,  \`.hcthcT  i`  is  all  litiincl.  zi]I  s{ilid,  tii.  ;i  `liii`I`\'  o1` ``olitl  p.irlic'lt's
siH`rtiui`dc(I   b`.  lit]`iitl.

Ilo

ii  \`iiuiu  u€  iedsonduic  iu  supPuse  llldi  a  5imple  b[Idigm  linc  conneclmg
the  t``.o  meliitig  points  C  and  D  ``-ould  describe  the  me][ing  points  for all  the

i;a:.i:s:Smale'[°d}isgbpe:;`;ete;TfE:;et:::,deaai`|,Pouyr::;I:.r¥a°t:';:'9e:ed':::i,`Swnh°e[r:h£:ale:,I:;

g:,`],]`;i:[t::,::d::Toht;£ecpo::tpcous,;:{ro`,``;>,::::t,:a;a:s::,,,,Lt[E:,;snec#,eEdKt:eepfelts,::,,::
the  Eutec`ic  teillpera[ure'.  The  [``-o  line  segmeiits  aloi`g  C  I D,  togetlier  are
called  the fr.gut.c!it5 line.  All coiT`positions  of lead  and  tin at temperatures above
the tiquidiis lii`e are in a complc[el}r fluid  state.  In this state lead and tin ``'ill  mix
``.i[h  each  c>ther  in  an}'  proportion,  without  an}r  tendeiic}r  for  either  metal  [o
segregate,  as  oil  and  ``.ater \`.ould.  Lcad  and  tin are  completely miscible  in  the
niolten  state,  ai`d  can be thought of as formiiig a liquid  solution.  On the other
hai`d.  all  points  below  the  line  C  H  E  K  represent  metals  [hat  a.re  completel}r
solid. The la[[er lil`e is lmown as the So/idks.  Within the t`ro triangles  C  H  E and
D  K I  the  stale  of  the  metal  can  be  described  as  a  slurry  of  solid  particles
surrounded b}7 mc)re or less liquid -more  iiearly liquicl just belo``' the liquidus
t;ne.I:ncdo,``TtTr°ars::;etahr:}'nsu:!idsi::[oafi::emt:ie[es,:I,Lde`::-I,w,heretheii`di\}idualatoms

are oricntcd rindomlv to each other, the solid state sho``.s a cr}is[alline structure.
When pure leacl  solid.iries as  the  iel``peraiure falls below tlie  freezing poiiit,  the

:ti::`r]:to[:::c:i::;`,:::`':,:eua:h;I:f:iE::atr|yu[:Pala[C}:Se:::icd]::r[:}rsa;::::tioLhs:Tsi:::

;rors?s};:,aerteh:`,::`i':aa,:dc:':#a`:[ti[:::.mY:tilt;.'t`a|':en:Its;iicaer;afya:£`de::o:;:#i:tn;:
liquid solution of'tin and lead freezes in this liianiier, ``ri{h tin atoms substitu[ii`g
for son`e lead atoii`s in the laLt[ice,  the result is known as a So/).d So/it/I.oti.  Ho\`Je`'er,
while lead and [in are mutuall}J soluble in ant. propoi`[ion in the liquid sra[c, the?'
are  oi`l}'  partiall`.  soluble  in  [hc  solid  State.  Oi`l}r  16%  tin  can  be  held  in  solid
solution in lead i[ ihe eu[ectic [emperaturc\ aiid gei`erall}. less [han that a[ lo``.cr
[empcra[ures.  Solidiried  tin  ``'ill  hai`dl}i  hold  ai`}r  dissol`'ecl  lead  at  all.

The composition containing 12% tin as an exalT\ple is sl`o\`.n on the diagram
b}r the liiie I  t"'.  At poim  I  the  mixture  is  liquid.  When  the  teii`perature drops
io point t'  the rirst [in}. cii'sta.Is begili to solidir}`, ihoiigh i``ost of the nia5s remaii`s
liqi`ict.  The  i`ompositioii  of these  first  cr}'stals  `s  not  12%  tin,  but  ii`orc  like  396,
iepreseii[cd  b}.  point  I"  ``'here  tl`e  horizoiital  [en`pera[ure  liiie  t'  t"  meets  the

::i,;si;t,Ss:;s'::s?tT:,]Sii::e,,;!±eopfrt?`E:`r,Ill:]t::i.|j:`[,rteenr`e::;ea?,1?,},'g:Ill,::,r]ede£:'::,:Tfe`shT:ci'`re`,``
ill.tin and  the  frcezmg [ei``perniurc is  lo``'cred  sligl`tl\'.  Each  s`icceedii`g crop  of
ci?.s[als``.illfomi``.ithasliglitl}'bighei.tiiicontei``i1`an[l`osepreccdiiig,diicle.ich
la}.er of aioii`s coating pre`.ioi`sl}.  roriiicd crTs[al  graiiis ``.ill  also be  richer in  iin.
As  lhe  tempcral`ire coi`iiiiues  `o  fall,  these  ci`.sials  gro``.  imo  I.`rgc  gi.aiiis  iiiitil
riniill`` all  tl`c  li(i`iid  meial  is  iiscd  up and  [hc  iri.i.gulai`l`'  shape(I graiiis  i``{'e[ \`.ilh
no liquicl  sepdratmg thei`i.  Solidilic.iunn  is complt?te \`-.hi`n  ihe leli`pcratilre rallb
to  poioi  r  i)n  ihe solidus liiii`.  I:I( h gr.lilt  lii`s .I single cilbic  sirticiure iiiicm.ill\'.
L>ui ihi` i`i.}.5t<`l tiriiiiii.iiiuii til  an`.  giiim  ``.ill t]``  i`on`ple[cl\. ill  rai`(lom  to  than  ol` `(`

"C.;g*?,`i'`rc;u¥i`  :L[o„„  ,,`  .1  cr`,slat  |aH|ii.  I.`i`   n`o`.i.  aboin  iiii(1  c`x(hallge  I)h(t.i.

ihi.`. (`dn  (lo  `o  {)111`+  ```lh  (lloicill{\    Thi'  5i)(.i.(i  ol  tl`is  procc``,  t`no``.n  as  D.//i/\iow.
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is highly temperature dependent.  Diffusion, ``'hich redis[ributcs the tin atoms in
ScuoC#ie:-:yatthr:tofetcs#ersa°t[uurti:%uwt!t:nb];Lno::su;tiber;::ir|;auyterse::`=:'teeavrast::

temperatures.  The  grains  of  metal  in  our  example  t  ['"'   were  formed  `v.ich
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 cociling
takess:Ipa:::::Loa:l#:::t,FeeEtoeyoi:;T::ia:|nycs:||ikdei:,Peg,a:.e:ffatnetL?;ee3f:::ti:,g:

high temp€ra[ure between  I"  and T,  allowing diffusion  to bring all  the grains
to  a  uniform  internal  composition.  That  would  bring  the  alloy  to   internal

:i(t[:i':I;:rjua]:s::t°hnegnatsheint::1;::;::r:efEPse:act,:::t;fen;a:1;I:ttali=ec:;SBST;gat£:ffseor,;I::
line  P Q.H. The significa.nce of thi51ine is  that solid  solu[ions formed by rapicl

:roe::ti:[g'n:°L:'keedat:uappe°r`;:::re:toe:::idutt?o`:eoE;s8£:`°vfate:,`i::sasroe]i::oS,uu:[eoria;[su,:::::

:rqoui`;ir:us:,.;dG::f|`t:osnuF;Cie;nfftuas][::1::,[T3f[ti::;:?,:setxLceeisst:tnv:Vs;`*`ba:v€:err::[st::Te]€
alteration of structure.  In contrast [o the rapid precipitation of excess salt from a
supersaturated salt ``'ater soluuoTi, clue to its nuid state, precipitation from a solid
solution  proceeds  very  stowl}J a[  room  temperature.  Akhough  a  solid  solu[ion
may colltaln up to  16% tin at the eutectic temperature, and in certain cases up [o
18%  (Poirll  Q.on  the  diagram),  at  room  temperature  aL  solid  solution  ``7ill  be
saturated if i[ contains inorc than perhaps 8% tin, and cannot hold IT`ore tin than
this  while  maintaining  equilibrium.

It seems hardly a coincidence tlia[ the greatest creep rate show]i b}r the graph
corresponds  to  the region  of rna.ximum  solubility on  the  equilibrium  diagram
around points H a.nd Q; The condition under ``.hich pipe metal is cast into sheets
\`rou]d certainlv be [ermed as one of rapid freezing. Th`is \`'e ``'ould expect that a

great deal  of the  metal  in  a  16%  sheet \`.ould  be  s[ructured  as  a supersaturatecl
solution shortly after being cast.  Now if it is true that 8% is the most tin that can be
held  in  sol`it:on  for the  n`etal  to  be  in  equilibrium  a.t  room  tcmpera[ure,  then
e`'en[ually half of the tin in solution, or about 896 of the [o[al material in [hc sheet
will have [o be expelled from the cr?rs[al lattices ofsolicl solution a]id be dispersed
here  a.nd  there  throughout  the  5hee[  as  tin}r  pockets  of pure  tin.

Let  us  iiTlagiiie  iiow  a large  pipe  made  of tlris  16%  metal  ``'hich  has  not  }'ct

:.:`::,h:fset:eus;s[,:,:;:vT;fen,enr#:opn]spae:tchxecs:,Stesp:::*:,;:`aot:;Theet::::::i,cce:thteb,:]g£,:]`:
[imc being the ``-eakes{ striicturally9.  Let iis suppose that the weight or[l`e bod}. t>r
the pipe tei`ds `o make the mc'[al a[ the sides of the mo`ith bend out``'ard cvcr so
slighlly. A[ the sallie t`me the hardiiess or sprLngii`ess of the n`e[al resjsis bendiiig
be}Jond this small amount. (This is an example of the shori-[erm strength reri'] I ctl
to earlier).  Mean\`r"e,  ihe processes of dirrusioii ancl  preci|)ila[ion arc goiiig on
\`'iihin the metal.  and i{ is most probable. that the migraiion oriin ;iioiiis proceeds
in  the  direction  of ]eas[  mechanical  resis[aiicc,  so  that  .`s  ihe  excess  iii`  atoii`s
lea\'e the lead cr}Js[al lattic(:s. il`(`y aggregate at sitc's in ihe i`ict:il ``.liii`h are {emliiig

{o bc. openi.tl  up  as a  rt.s`ill of llic a|)I)lic'(1  stress.1n ;`rri\iiig at  these nc'\`. sllcs,  `he}'
Tc`lie\'e  some of ibc  i`i`c-i`i)al  {e]isioiis  \`'iihin  ihti  nicial`  `hc  iiii.t:il  iitj  ltH\gt'r  rc'sisis

ihe  hci`tliiig  forces  so  `irongly,  i`ntl  thert'ror(`  tliose  loicc]`  are  z`blc  [o  beiid  Ill(.
metal just  a  litde  ljit  ii`oi'e.  So  it  ``'o`iltl  `ecm  that  `l`i`ie  i}  a  coii`inuo`ii  c}c]c  ol`
mi`ral  bcillg deformed  sllghil}' l)}r appliilcl  st]+|sscs,  ili`(t>il`iaiioii being I.esisli.tl  b}'

112

ihe  mcinl's  hardness  or  elas(ic  si]`ei`gth,  restrui`[iiriiig  of t}ic  ii`ctdl  bccausc  of
dilTusio]i  a]`d  prc.cipita[ioii,  bc.ndii`g s[rains  beiiig relie`-ed  b}J the res[ruc[uring,
fur[lier  iiicrcmen[al  defomi{iiion  due  io  the  ai)plied  stresses,  and  so  on.

The foregoing.  it seems [o me, is a plausible explanation  for the high rate ol`

:,r`:C:`';:,f`;n,::grsc]`oefa:hte6#`e°t';]t:o¥;dt:,e`!`:s[!;Tupr:r,L[:`]:[:I::i::s';::f]aesre:`.ao?,°o`::i::I?;
t`oi`ipttscd  or the  1696  solution.  Thus,  less  or the  `oial  diiioun[ or the  mc'tal  is  ill
]`eett or `.cs[riic[urii`g,  di`d the c-rec.p  rate dccre2ses accorclingl}'.  If ihei.e \`.ere i`oi
such  greai  imcrnal  ac`i\ iiv taking I)lace-due to the lack of equilibrium,  the iiii`tal
coulcl  bc expect(`d  to rcsis[  [hdl  rirs[  51]ght  bendii`g  force  indefini[el\..  Si]ice  pipe
metal  of  I`A96  tin  e`.idenil}'  is  ai  or  li`uch  nearer  equilibriiNii,  Ilo  great  i!`tema[
restru(`turing  is  taking  place.  Ir a  pipe  made  of such  2L  meial  does  not  ct)l]apse
immedia{e]}J froiii beii`g `subjected  [o too high a u.o\`Ling stress.  [lien  it :s likel}r to
s{a}'  sta}itliiig  ``itho`it  defomiatioii  for  a  long  lime.

He`.e  iio\`.  tii-e  {i  rc\`.  [houghis  that  lil,i\r be  iil`l\elp  to  otliei.s  in\.esiig{iiing  the
use  cirlea{l  aiitl  ct)iiii``on  ]``i`[.il  d[]t>` s  for  ['argc  pipcs.  The explaii2itio]i  pioposed
dbo`.i.  ioi`icn`s  high  crccp  intcs  of  allo`.s  coinposed  in  i)art  of super`aiiira`ed
5olu[ioiis.  Earlier jt \`.as 5tatcil  [l`at `ei.}. purl-lend  also  sho\`.s a grca[cr creep  rzite
thaii lc`ad  ``iih  soii`c  ii`acc  impi`riiies  in  i[.  The I)i`e.sence of small  amo`inis  ol` iin
ai`d  bismuth  in  solution n`ii`. i.etarcl  creep  some\`'hci[ by distortii]g the olhc'i``.ise
flat planes of lead aloi`is,  so  iha[ slippage oratljaceiit  pldnes  itratoms iii`tlc'i` ligl`[
stress.is is  relarded.  Perhaps all  e\'ei`  gi`cater hiiicli-alicc  to  slip  is ob{aiiied  b}. the

prL`scncc or snmll  ai``oun[s  of copt)er and  aniili`oi`}J,  Iieither o(.\`.hich  eiiter ;iito
soluiit)ii  \`'iih  lead  as  a  solid.  (i`'o  iiio]`e  tlian 0.06%  copper can  bi. casil}. allo\.cd
``'itli   lcad   bc-cause  c`cn   sligl"l`'  greaic'r  iiiiit)iin[s   req`iii`(.   s`ihstaniiall`.  bight.r
iempei`a[iii.es  lo  mcll  lhe  addili`iiial  copt)iJr  iiito  lhc'  allo}').  E`itlond}r,  lhc`  sin:`ll

:`,`;`sT+::.',':i:t[°:,::tl,)tl,)gc,:t::::I:i:1(:",`,`,::;`s`,`,t`'';`L`t'cfi`i!::I)\:.:i:t:`!`}:a:]`:,Ill:\'}`rc:'tc::.t::`csr':::;t``(:`,I,::;`L`L:
i`itlitt`dbl`.  nrrccuiig  ducnlii\     Li>hil   iir{tdiit`i.tl   ft]r   ii`i>  ill   tlic  chei`iit.`l   ii`tlusi].\

<`lrcl.iil\.  lid` 0  05tjo  io 0.06CS  comjili  .`llo\c`cl  il`  it.  Tm`  zii`[n``oii\'.  aiitl  bi`m`iih  t.`n

{..isil\r  b(`  :`llo\c`(I  ``llh  load  11`  The  (n`g<`l`buildil`.s  I)ii)c.  `hop    I-I.1rdc.mnir  lt.ntl  I)`

in(l`eii`ing    llic.    alllimoin+    i.onli.Ill    illi``r    iii)t    lii`\.i.    lhc`    sillllL`    mllsi(..Il    i`lTc.(`l    i`>

h.Iitli-lung  thlough   iiiiTc.;`s(`tl   till   ioii`i`nl.    Ho\`'c`.('r.   slnc(`   ililllill{)iu   tloc``   iiol

t`iiit`r   iiiio   `olitl    soluiion    \`iih    lc.it!.   thii   prtjt]lc'm   tir   iu``(.`l]li..    ``ii]('rs.i`iu`.iit`tl

`tilulioli`  dtt('s  iitii  ;iii`i`.  ``o  il`,i`  .miimon\'  in.i\'  l`ii\.t`  ii  z`tl` :`I`i<\gt'  o\'t`r  iii`  in  hol``t`

i,`ses.   Oile  `iich   in`lancc  migl`t  bc`  to  ``ei`der  lea(I  laiigincls  less  siisu`plil)li`  lt)
tlaliiage  duiing  \'oiciog'°.  Som(`  caution  miisi  bc  e`i'rcise(I  sii`ce  ihere  i`  soiili`
i`\i(l{.nt.t.   iliii{     in.ii`1tnl}'   in   r`(.``w   ol    l`,'ft   ii`{`\   (.iil`i.   ri.ai`t``-`o   ill)lit."   ii`   11`(.   {..i`l

in( .,., I   `1,`.I.,``   (I,,t,   ,o   i,s  I,,i,,lt.,,`.``.

]1   i`   iloi)(tl.laiil   1o   p.i}.  .utt'Ii`ioii   `o   `li('   in(`lit|   `lii(ki`c`n   usi.d   l{M.  l;H.#c   itii)(``.

Tl`i`   ii`t'li`l   .`ht)ul(I   1}(`   mii(.h    iliii.ktll.   ill    ibil   m{)``[l``   t.i`(I   o1`  11`(`   I)ii)c``   \`'l`c.r(`   .```i..i

`u`t'ng`h   i`   i`i`i`tli.tl`   :iliil   il`ii`ni`i.   l`oi.   `ht.   I`t`,`t   ort]`i`   lHttl}..   in   tirtlt`r   io   i```tlut.c`   il```

ut.iigi`t    i7\`.`ii,t`t{   Oli   iiit.   it,``.{.I.   t`Ii`t       Tht`   `Or`i`t.``   Oi-I.`,iti    Ill,`ktl`   ii   it.I`iii\t.i\    {i.i`\    I`t

`!\.`i}t.   `ht.   li.t   I   til   I"iti`   I)ii)t'`   t)\il   `il   iil„`   -t   tii    (7n\ii`   lhii  1`   \`l\it  h   t`   `\il!`Lt  i`.ii(   (t   I

'`il,t,`     ,2    ,o     16    I-`,t.,I(„,*    .",`1    {1o`,`    ,I("    ,(.(l"i,-l.    ,I,`.    ,,``.   u'    `,(ltli,i`,".,I    `o1`',`.,
\,i(I",i"lR   i,,``.,,`

\1o1`.    Iitl(`tl`    io    I,){.   l``.iii```d    `il         \``     ho\`.    `o    lt.``t`i`    `1`.`    Ii`k    in`til\``tl    ln    H`iii;a

`,llo\`   `,,`h   "   ,7""   ,",-\\,`.  .,I,`,.,11`   I,,(,"    ,h"   ',il)t .,,,.., I,I   in   `,."I,I,,-",,,t.`   ```,`

I,  ,I ,,,,, (  ,t.(|  LLl,I"",i:,,  ,I,1,  \`"I-h.`l`ll."i"g  I,""  ,,"`  ,`  ,,t"  I," ,,,, " ,,,,,,  `",{ t.  It..,`l

\`111.ll`Ilt..`l     "     l`ttiii``    `i`mitt`r`ll``r`.,     On`.    t.IIi`ii     ul     h   `n`u`t.Iiug    iii.`\`    lii`    il`"     I)\

'ma



.`,' Some   form    or   hca[    tr..atiiic.nl    is   likcl\.   (a   bil   ihc.   ii`t>st    t`ffocli\+t>   \`:i\.  `ijf

;;.t[:::,azt;;,:i,:L::jLn;:`[ea,\s`:oT`]:ce`resa\:,:`::,i:,,:`,I:]:sf:],I:\p§`pac:sebs:,:f`t]oj:Teedt;;`]``:.:`,::,::,,:::
metal  more  stable"    Based  oil  [hc  clisc`ission  orsupersa[iiraie(1  sollcl  solutions,
the logical ii`ethocl orstabilizing the metal ``.ould seem to be to I-cheat ii ill an o`'{`Ii
io  `(]il`e  I)oim  abo\'e  thc.  sol\i`5  ciir\.e  P  C|  At  suih  <`  temi)ci.atui`e  [lic`  .`olimon
sliould  easil\'  be  brought  [o  equilibrium  foi.  that  tempeidture.   Pre``iimabl`',  ir
the metal call then be ct)olecl  slou 1}' clioiigh, mtei.Iidl resii.`ic{iH H`g cdn ialc place
rendi.I}.   because  or  tlic   de\ated   `emi]i-rat``ie.   antl   the  diiioun[   of  (in   in   st>lid
5olu[ion will graduall}r decrease as the temperature decreases,  arri`'ing finall}` at
room  [emperature ``iili  the excess tin  Ilo longei. in  solii{ion.  Wheihei` the ..ate of
co()ling  necessarv  [o  bruig  (Ills  aboi`t  is  i`easonable  fiom  ilie  slandpoim  of (he
o`'(`rall  time  re(iuire(I  is  a  ma[[er  roi`  adclitional  in`esligdtioii.
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